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FROM THE PREFACE TO THE 
SEVENTH GERMAN EDITION 


The present volume contaiuB those parts of Optics which deal with 
the propagation of light; information relating to the emtssion of light, 
which, indeed, cannot be explained by any theory of a continuum, 
will be found in Vol. V. The subjects treated here follow naturally on 
the discussion of electromagnetic waves in Vol. III. In the main it 
has been possible to utilize the material of the previous edition; but 
the fact that electromagnetic waves had already been studied enabled 
me to adopt a somewhat different order of treatment, and also to lay 
greater emphasis throughout on the wave theory, which in the light 
of long teaching experience I consider very necessary. In many places 
the existing material has been amplified or new matter added, e.g. in 
the passages dealing with photometry, dispersion, the wave theory of 
image formation, the optical properties of X-rays, the resolving power 
of spectroscopes, the Kerr effect, and methods for determining the 
velocity of light. 


Maeburo on the Lahn, 
October, 1931, 


R. TOMAvSCHEK. 





PREFACE TO THE 

ENGLISH 

EDITION 


I have taken the opportunity of the publiration of this edition to 
make a few (‘orrections and improvements. With a view to meeting 
the needs of Engljjsh readers, some new matter has been added. I wish 
to thank the translator for the adequate manner in whic^h she has 
(’arried out her task, and hope that in its new dress tht^ work will 
greatly extend the circle of its friends. 

Mari^ubg, 

lOih August, 1933. 

R. TOMASCHEK. 
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OPTICS 


CHAPTER I 

The Propagation of Light 

1. General Aspects of the Propagation of Light. 

Introduction.—In the volume on Electricity (Vol. Ill) we met 
with light as an electromagnetic wave motion originating in th(' mole^ 
cules and atoms themselves. In what follows we shall consider the* 
})ropagation of light in more detail. Although in general we shall 
speak of visible light only, i.e. waves in the region 80(M00 mix, most of 
the relationships we shall mention apply with very groat accuracy 
to the infra-red and ultra-violet regions, i.e. to waves from about 
10/x to lOOm/x (Vol. Ill, p. 646, fig. 47). Shorter waves exhibit 
peculiarities which depend partly on their high frequency and partJy 
on the electrical structure of matter. Many of the laws which hold 
for visible light, however, are true for all electromagiuitic waves. 
Indications of the range of validity of the facts described will therefore 
be given where necessary. 

Source of Light. Light Quantum. TJnpolarized Light.—A body 
which itself emits light (e.g. the sun, the fixed stars, an electric lamp) 
IS called a luminous body or source of light. We must think of a source 
of light as consisting of an immense number of emitters sending out 
trains of electromagnetic waves more or less simultaneously and 
independently of one another. Any one siujh emitter we may call 
a centre of homogeneous radiation. At present we still do not know 
the nature of the wave-trains starting from the individual centres, 
whether they are damped and if so to what extent, whether they are 
sent out in definite favoured directions (Vol. Ill, p. 6:i6, fig. 27) or 
are radiated with equal intensity in all directions. (For further details 
see Volume V.) 

For the phenomena to be discussed in the present volume only the 
following properties, which we shall mention here but not establish 
till later, are of importance. (1) Each one of these wave-trains keeps 

(E<U8) 1 2 
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together; it is coherent or continuous (Vol, III, p. 641), i.e. the waves 
follow one another at the same distance and in the correct phase over a 
length of several metres. As is shown by interference phenomena (see 
e.g. p. 15) the individual wave-train is polarized (Vol. Ill, p. 638). 
As we found in the case of electromagnetic waves, the plane in which 
the electric vector vibrates is the same for the whole wave-train 


(e.g. the plane of the paper in fig. la). The magnetic vector vibrates 
in the plane at right angles to the electric vector and to the direction 
of propagation, A single wave-train of this kind is called a light 

quantum. Its length amounts to several metres. As the velocity of 

propagation of light in vacuo is 3.10^® cm./sec. (Vol. Ill, pp. 195, 196) 
each wave-train (reckoned from a fixed point past which the train of 
waves moves) persists for about sec. (2) In general the phase 

and direction of polarization 
-oju --1510 sec ~ lOMtWon uavos of the wavc-traius which are 

AAAAAAAA t emitted in enormous num- 

VVVVVVvV ^ source of light 

.. I vary quite arbitrarily from 

' wave-train to wave-tram; 

.. „ , the wave-trains are mutu- 

Fig. lOt 0. —Single train of light uaves. (In o the u • u f 
direction of propagation is at right angles to the plane incoherent, 

of the paper.) Ordimry unjjolarized lights 

then, consists of this type of 
wave motion, starting from the source of light and propagated in a 
homogeneous medium, e.g. a vacuum or air, in straight lines in all 
directions. The light radiated by a source accordingly consists of an 
immense number of individual flashes of light; in Vol. V we shall 
learn how their number may be calculated. Thus when we look at a 
definite point of a source of light, our eye is excited without inter¬ 
mission by separate trains of waves, each with its own phase and 
direction of polarization, arriving quite irregularly, often on top of 
one another, but sometimes with gaps between. It is important that 
the student should master this conception of the nature of the light 
radiated by a visible source. Further details will be discussed and 
established later. 


Fig. itf, b .—Single train of light uaves. (In & the 
direction of propagation is at right angles to the plane 
of the paper.) 


In what follows we shall often be able to neglect the dimensions of 
the source of light in comparison with the other distances involved. 
We then speak of a point source. The distinction between a point 
source and a centre of homogeneous radiation is that the radiation 
from the former consists of a large number of mutually incoherent 
trains of waves. 


Light Rays. —We shall now meet with another conception whose 
use greatly simplifies a large number of discussions." 

We call the direction in which the light energy flows a ray of light, n 

According to Poynting’s theorem (Vol. Ill, p. 618) the ray of 
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light is at right angles to the plane of the electric and magnetic intensi¬ 
ties, and forms the normal to the wave surface (Vol. II, p, 239). In a 
homogeneous medium the rays of light from a source at rest are 
straight lines (fig. 2): that is, the individual wave-trains are spherical 
waves (or at least parts of spherical waves) with the source as centre. 

In ordinary speech we apply the term ray (or beam) of light to 
a more or less extended rectilinear strip of light such as arises when 
sunlight comes in through a small hole in an opaque screen. In physics 
we shall meanwhile neglect the breadth of the ray or beam, i.e. we 
assume that it has the properties of a geometrical straight line. 

A large number of parallel rays of light considered together 
(to which we do ascribe extension in space) form what is called a 
bundle or pencil of parallel rays. A large number of 
rays of light diverging from one point form a divergent 
pencil of rays. The pencil of parallel rays is associated 
with a plane wave surface, the divergent pencil with 
a curved wave surface. 

Reflection and Refraction. —If light waves fall 
on a body they (as in the case of any wave 
motion that encounters a medium with difierent iro^ a^Teiy smaS 
properties) partly are reflected and partly enter emitting light 
the medium and are thereby refracted (Vol. II, lurface^and rayr^^ 
p. 2d8). 

It is the light throwii back Jiy bodies on which light falls that 
makes the bodies ykib le. f^uch hodifis aye t,r> be n qn»self«lummou s», 
tiT adTsfinSion to sources of light, which are sebPluminou^ Be¬ 
tween these two there is an important difference. ^TF‘weTook at an 
extended source of light, say the glowing filament of an electric lamp, 
the wave-trains which reach the eye at any one instant from two 
tliffercnt points of the fikment are incoherent, i.e. their phases and 
directions of polarization are quite different. If, however, we look 
at the filament by daylight with the current off, the wave-trains reach- 
. ing the eye from the same parts of the filament are coherent, for the 
light at any instant now arises from the reflected parts of one ^ctThe" 
same wave which has come from a source of light'aiid^Ii^ been 
reflected at the filament. 

The non-reflected part of the light enters the body and either 
passes througTi it or is absorbed in it, i.e. its energy is changed into 
another form, usually into heat. Bodies through which light passes 
are said to be transparent or translucent: bodies which let no light 
pass through them are called opaque. 

There is no definite boundary between transparent bodies and opaque bodies; 
on the contrary, bodies which in ordinary usage are described as transparent, 
such as clean water, are opaque in thick layers (complete darkness reigns in the 
depths of the ocean). On the other hand, opaque bodies allow the passage of light 
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when in sufficiently thin layers (thin gold leaf jippears green by transmitted 
light, sUver leaf blue). In general light is partly reflected by bodies, partly trans- 
mittcdfand partly absorbed. A body which absorbs practically all the light 
is opaque and appears black by reflected light. A body which absorbs all the 
ligiit falling on it is said to be o, perfectly black body:^ Such a body does not actually 
exist, the pertectly black body being an ideal conception. If we speak of an 
opaque body, we mean a body which lots through so little of the light that tlu‘ 
ticinsmitted light cannot be detected by the senses or by other means, must 
restrict the idea of transpareqey^m the wider sense of transparency to an} 
eldclr6magncti( w aves) still further in "view of the fact t^t a body be tr^bs- 
parentto One wave-length but opaque to an other^ Thus,ToFexampIc,'bf^ 
WindoW-gMss does not transmil tlu* health-givmg ultra-violet ra>s of sunlight; 
it is opaque to them (p. 161). On the other hand, black paper transmits infra-red 
rays (p. 162). Xhc‘ tissue's ol tlie body are opaque in thick layers, but transparent ^ 
to X-rj^R. Even in the visible region, however, the same phenomenon may occur. 
ArlKidy may be transparent to green light, opaque to red light. It then appears 
colour^. These special cases will be discussed later (p. 166). 

White and Coloured Light --The radiation from a source of light 
appears while if all the frequencies corresponding to visible light occur 
in it with roughly the same intensity, i.e. if on the average the number 
of individual wave-trains is the same for each frequency. 

✓ The totality of frequencie s emitted by a source of light is called the 
spectrum of the source/^ 

If some parts of the spectrum are wanting, i.e. if wave-trains of a 
definite frequency range are absent from the radiation or only present 
in small quantities, the radiation appears more or less coloured, and 
the deeper in tint, i.e. the less mixed with white, the more extensive 
the spectral region which is wanting. Rad i ation of a s i ngle d efinite 
wave-length is cal l ed mono chromaticradiation; this gives tEe~ sen- 
silibn of a pure colour, the^mdivfdual wave-lengths corresponding to 
the colours given on p. 646 of Vol. III. Experiments dealing with 
these points <ire discussed in § 1 of Chapter VII (p, 150). 

2. Situation of the Source of Light. 

If we bring an opaque body between a souice of light and the eye, 
wc cease to see the soiuce of light when the source of light, the opaque 
body, and the eye lie in one straight line. It follows from this thal 
(in ordinary circumstances) light is propagated in straight lines. The 
knowledge that the path of the ray of light is a straight line enables 
us to determine the direction in which a source of light or illuminated 
body lies. For psychological reasons we always look for the starting- 
point of the light in the backward prolongation of the rays of light 
entering the eye; by observing a source of light from one point only 
and with one eye, however, we cannot teU at what d/isUince it lies 
from the eye. 

Suppose a source L is emitting rays of light (fig, 3), two of which 
are represented in the figure by LCjl and LCg; if our eye is at we can 
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only say that the source of light lies in the direction CjL. 'WTiethcir 
it is situated at or L or we cannot tell. Similarly, if our eye 
IS at C 2 , we can only say that 
the source of light lies in the 
<iirection C 2 L. If we observe 
with this eye alone we may 
(equally well expect the source 
of light to be at Mg or Ng. 

If, however, we observe 
with both eyes simultaneously, 
i.e. look along the ray C\L with one eye and along the ray CgL with 
the other, or if we observe the source of light from and Cg in rapid 
succession, we also obtain the distance of L, its position being determined 
by the intersection of the two rays. The position of L is the moie 
accurately determined the nearer the angle C^LCg approaches a right 
angle. Hence in order to estimate the distance of a remot(‘ object 
accurately, we observe it in rapid succession from two points wich^ 
apart, by moving from one point to the other. For near objt^’ts 
observation with the two eyes simultaneously will sullu ia 

In the middle of the room we hang a ring from the rciliag so that tlie 
X>lane of the ring passes 
through one of our eyes, and 

<approach the ring with the A 

other eye shut. If we then 
try to put a pencil sideways 
through the ring we find we 
can only do so after many 
vain attempts. If, on the 
(jther hand, we keep both 
eyes open, we can do it the 
lirst time wo try. In the 
first case the one eye gave 
US only one direction; in the second case the two eyes gave us two directions, 
and hence their intersection. 

If we know nothing more about the actual path of the rays emitted by 
a source of light, we shall be deceived about the direction and distance 
of the source if the rays for any reason fail to travel in straight lines. 

If, for example, the directions of the light rays starting from L 
(fig. 4) are altered at Ai and Ag in such a way that they run in straight 
lines from A^ to and from to Cg, the eyes of the observer at Cj 
and Cg look for the source in the backward prolongation of these two 
rays, i.e. at the point vl\ it appears as if the source of light were at vl. 
In this case we call t?I the virtual image of the source L. 

If the directions of the light rays starting from L are altered at Ay 
and Ag (fig. 5) in such a way that before reaching the eye they inteisect 
at rl and then proceed to and Cg, the eyes at and Cg look for the 







1 ig. 3. —Determination of the position of a 
source of light 
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source at rl, the point of intersection of the rays and A 2 C 2 ; the 
source of light appears to be situated at this point. In this case we 
call rl the real image of the source L. 

0 


Fig. 5.—Real image of a source of light 

A virtual image is the point of intersection of the prolongations of 
the rays, a real image the point of intersection of the rays themselves. 

3. The Reflection of Light. 

If a body is visible from all sides, it must be emitting light in all 
directions. A piece of paper on which the sun is shining is visible in 
all directions, because it sends back light in all directions, although 
the light falling on it consists of parallel rays of light all coming from 
the same direction (diffuse reflection). A flat glass plate illuminated 
by sxmlight, on the other hand, appears so bright when looked at from 
a certain direction that we are dazzled by the reflected light, whereas 
from other directions it is almost invisible. The glass plate throws 
back the light falling on it in one definite direction only (regular re¬ 
flection). All bodies which are extremely smooth (highly polished), 
especially metals, likewise reflect regularly. If a parallel pencil of 
rays passes through a hole in an opaque screen, it is not visible unless 
the beam enters the eye. If, however, dust or smoke is brought into 
the path of the beam, the path of the beam becomes visible from the 
side also, the individual particles in the dust or smoke scattering part 
of the light in all directions (p. 149). 

If a beam of light which has been made visible by means of dust 
is allowed to fall on a flat glass plate or metal mirror, we find that 
the reflected ray of light has a perfectly definite direction, which 
depends on the direction of the incident light. If a straight line is 
drawn perpendicular to the plane of the mirror at the point where the 
light meets the mirror, the angle between the incident ray and this 
normal is called the angle of incidence. The angle between the normal 
and the reflected ray is called the angle of reflection. 

The disc shown in fig. 6 can be rotated about an axis through its 
centre, to which a small plane mirror S is fixed. The edge of the disc 
is graduated, the 90"" mark lying where SL, the normal to the mirror^ 
intersects the circumference of the disc. 
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Fig. 6 —Apparatus lor idkcuoa expenments 


A ray of light incident on the mirror along the line LS is reflected 
in such a way that the reflected ray coincides with the incident ray. 

If the disc is rotated so that 
the ray incident on the mirror in 

the direction ES makes the angle ^ 

of incidence ESL with the normal ^ 

SL, the ray is reflected in the 
direction SE, making the angle of 

reflection LSR with the normal. gi L^^ s£ u] Z 

From such observations we 
obtain the law of reflection,* 

(1) The incident ray, the nor- 

rml at the point of incidence, j 

and the reflected ray all lie in one x f ««» 

( 2 ) d atlCfle of incidence is Fig. 6—Apparatus! or iLfluctionexpenments 

equal to the angle of reflection. 

If the mirror S is rotated through any angle, the direction of the 
incident light remaining the same, the normal is rotated through the 
same angle, and the angle of incidence and the angle of reflection are 
both altered by this angle; relative to the incident ray the reflected 
ray is therefore rotated through 
an angle which is twice the angle > 

through which the mirror is ^ ^ 

rotated (see the mirror and -^ 

scale arrangement illustrated on 
p. 34 ). 

Plane Mirrors. — A point ^ 

source of light L is situated in 
front of a plane mirror SS (fig. 7). ^ ^ 

The rays of light LA, LC are ^ N. 

reflected in the directions AB, ^ n, 

CD respectively. An eye on j 

which a narrow pencil of rays 
mth AB as central ray (p. 44) 

falls will expect the source of pig, —Reflection at a plane mirror 

light to be in BA or BA pro¬ 
duced. An eye on which a narrow pencil of rays with CD as central 
ray falls will expect the source of light to be in DC or DC produced. 
If we observe ^e two rays AB, CD simultaneously, one with each 
eye, the source of light appears to be situated at L', the point 
of intersection of the two lines produced. The line joining L and 
L' meets the surface of the mirror at E. From the law of reflection 


Fig. 7.—Reflection at a plane mirror 


* The diBoovery of the law of leheotion is ascribed to Eucixd of AIc:!candrla 
(300 B.O.). 
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ixnd the consequent congruency of the triangles behind and in 
front of the mirror it follows that: 

LL' 'is (it right angles to the surface of 
the mirror and U is as far behind the 'mirror 
as L is in front of it, 

L' is the virt'ual image of L (p. 6), for 
jt is the point of intersection of the prolon¬ 
gations of the rays of light incident on 
the eye. It is obvious at once that tb(‘ 
rays themselves do not intersect at L', as 
none of the rays under consideration are in 
the space behind the mirror at all. 

I'm s—oiMect and image mirror image ol an extended soui’ce 

of light is compos(Hl of the mirror images 
of the individual points of the source of light. From fig. 8 it 
follows that in reflection the up-down direction is unaltered, 
^vilereas the front-back direction is n^versed. The right-left direction 
also appears reversed, to judge irom the imag(*, which is what one does 
when one looks at oneself in the mirror; from this point of view, there¬ 
fore, the mirror image is laterally reversed. 

4. The Propagation of Light. 

The phenomenon illustrated in fig. 9 depends on the rectilinear 
})ropagation of light. AB is an extended source of light, e.g. a number 
of small lamps arranged to form the letter F, emitting light in all 
directions. At some distance is placed an opaque screen with a hole L. 
and at a somewhat greater distance the white screen S. Of the light 
rays which are emitted by A and form a divergent pencil of rays only 
a very small pencil of rays can pass through the hole L. This gives 
rise to a bright spot on the screen S. In the same way the perforated 
screen W separates out from all the pencils of rays one pencil which 
forms a bright spot on the screen S. These spots of light on the screen 
are so arranged as to form a figure which is similar to the object AB 
[)ut is upside down, both left and right and up and down being inter¬ 
changed (looking from AB). The figure on the screen is no proper 
image in the sense of § 2, p. 6: the smaller the opening, the sharper 
the figure, as then the circle in the figure corresponding to any point 
of the object is the smaller. 

Fig. 9 illustrates the principle of the pin-hole camera * (fig. 10). 

* Sometimes ascribed to Giambattista dklla Pobta of Naples (1638-1615), 
who describes the “ camera obscura ” with a lens. The pin-hole camera, however, was 
known long before his time; it is mentioned by Levi ben Gerson about 1321 as 
a means for observing the sun. Prancisous MAtnaoLYOTTS (1494-1675), of Con¬ 
stantinople and later of Messina, explained the round spots of light in the shadows of 
trees, produced by sunlight shining through the interstices of the loaves, on the basis 
of the reol^ear propagation of light. Even Aristotle liad observed that during 
partial eclipses these images of the sun are sickle-shai)ed. 
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The back wall of the camera is a piece of grotmd glass on which the 
reversed images of the objects in front of the hole maj be obsen^ed. 



() — Principle of the jnn-hole camera Fig. lo.—^T’he pin-hole camera 



This ex]3eriment reveals a new and wonderful fact. If wc* point 
the camera say at a sunny landscape, all its hnost details may b(‘ 
noted on tlK‘ ground glass. All the rays making up the varied picture 
Jiav(‘ passed simultaneously through the imy opening without the 
slightest disturbaTK'e. The individual wave motions have therefon^ 
fxH'n superposed on one another at the hole without aflec'ting one 
another in the least, thus clearly showing that the superposition of 
electric and magnetic forces in the ether is strictly additive (i.e. 
according to the parallelogram of forces (Vol. I, p. 91)). 

5. Shadows: Eclipses. 

Shadows.—If we bring an opaque body K into the region illuminated 
by the point source of light P (fig. 11), a dark region or shadow S is 
produced behind the body. 



Fig. II.—Umbra or region of total shadow produced by a point source of light 

In a region illuminated by two point sources of light P and Q (fig. 12) 
the body K gives rise to three different shadow regions. In the region 
S there is no light at all (total shadow or umbra); the region is 
illuminated by P and not by Q; the region H 2 is illuminated by Q and 
not by P. The regions Hi and Hg, which are only partially illuminatecL 
form the penumbra. 

In the same way the body K (fig. 13) illuminated by the three 
sources of light P, Q, R gives rise to the shadows S, Hj, and Ha- In 
the umbral region S no light is received; the penumbral regions Hi 
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and H 2 are illuminated by only one or two of the sources of light; 
the rest of the space is illuminated by all three sources of light. 



Fig. 12 —Umbra and penumbra produced by two point sources of light 

If the source ot light is au extended surface ¥ (fig. 14), each point 
of it emits light rays, so that the opaque body K gives rise to the 



Fig. 13.—Shadows due to an extended souicc of light 


umbra S and the penumbra H. In this case the umbra passes gradually 
into the penumbra and the latter into the fully illuminated region, 
while in figs. 11, 12, and 13 the regions of shadow are sharply bounded 



Fig. 14 —Shadow of a planet illuminated by the sun 


off. Thus if the source of light used is extended^ the shadows thrown by 
an opaque body (screen) are blurred. 

Eclipses of the Sun and Moon.—The phenomenon illustrated in fig. 14 
corresponds (apart from the relative sizes of the objects) to the shadows ttiown 
during eclipses. If F represents the sun and K the earth, and the moon enters 
the shadow behind K, we have an eclipse of the moon. The eclipse is total if the 
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whole siiriace of the moon enters the shadow of the eaxth, partial if only part 
of the surface of the moon does so. * 

If F is the sun and K the moon, and the earth enters the shadow of the moon, 
we have an eclipse of the sun. An eclipse of the sun is total when the earth is in 
the umbra of the moon, partial when the earth is merely in the penumbra of the 
moon. 

6. The Diffraction of Light. 

Introductory Remarks.— If the openings and screens used in the 
experiments of the previous sections are made very small the pheno¬ 
mena are entirely altered. The images formed by a pin-hole camera 
are sharper the smaller the hole is, but also feebler. The diameter of 
the hole, however, cannot be reduced below about 1/100 mm., other¬ 
wise the images become less sharp again. The explanation of the for¬ 
mation of the images given on p. 8 therefore fails when the opening 
is less than 1/100 mm. in diameter. Further, if the screen whieh 
server as an obstacle to the rays of light is made very small, a bright 
patch may actually occur at the place where v/e should expect to find 
the umbra. \ e complete darkness. The case of a small opening lias 
alrt*ady l)eeii studied in Vol. II, p. 244 (fig. 28). The reason for these 
phenomena was brought out clearly there; they are due to diffraction, 
the capacity of waves for passing round an obstacle and reinforcing 
one another in the rear of the obstacle by superposition (Vol. 11. 
p. 241; present volume, p. 14). 

We shall now discuss these diffraction phenomena, which form 
direct evidence in favour of the wave theory of light, in more detail 
If light does consist of waves, it should exhibit phenomena similar 
to those shown by the water waves in fig. 9 (\^oL II, p. 215), where 
straight wave fronts are incident from the right on a screen with a gap 
in it. The waves are not only propagated through the opening in 
their original direction, but they spread out behind the opening as 
though the opening were itself the centre of a system of concentric 
waves. The amplitude of the concentric waves is greater in the direct 
line of advance behind the opening than at either side; the smaller 
the opening in the screen, the smaller is this difference, and the larger 
the opening, the more marked does the difference become 

In actual fact the following experiments* show that light docs (‘xhibit 
phenomena similar to those which may be observed directly with water waveb. 

(1) We produce a light as like a point source as possible by illuminating a 
small opening in an opaque screen from the rear by sunlight or an arc lam]>, 
or by using the light from the crater of the arc lamp directly. At a distance ol 
about 1 metre we set up a screen which has had a hole pricked in it by a sharj) 

* The fundamental experiments on diffraction were first carried out by the 
Francesco Grimaldi (1618-1663). He held firmly to the corpuscular theory of lijilit 
and conld find no explanation for the phenomena, although ho knew that if light is 
added to the light received by a luminous body, the body may become darkened, i 
becoming aoquamted with Grimaldi’s discovery, Hooke (1666) proposed to explain 
it by the assumption that fight is a wave motion. 
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needle, and we receive the Jight pagsinj^ through this hole on a white screen i)]aced 
a metre farther on. We observe that the resulting spot of light is considerably 
larger than it would bo according to the geometrical diagram and that its edges 
are blurred. This phenomenon is very reminiscent of the water waves passing 
through an opening in a screen. 

(2) If wo look at a point source of light through a small needle-hole in a piece 
of paper, the source of light larger than when it is observed directly, and, 
moreover, appears to be surrounded by several more or leas coloured circular 
rings. 

(3) Jf Avo look at a j)oint source of light through a narrow slit, the source ot 
light appears greatly broadened in the direction at right angles to the slit, but 
not in the direction of the slit. In the broadened part we observe severril biiiibl 
and dark bands or fringes which run parallel to the slil and are mori' or less 
coloured. If avo use a tapering slit, these bands are dosc^ together at the broad 
end ol the slit and far apart at the narrow end. Any irrecidarities in the edges 
of the slit are betrayed in an exaggeratf3d form by irregularities in the diffra(’tion 
])<ittern. These bands arise from the superposition of wave motions (}>. 15). 

Pdg. 15 (Plato I) is a natural-size photograph of the shadow of a tapering slit 
v\ ith straight sides, taken by monocbromatic light (wave-length X 0*46 g,). Ti»e 
slit Avas at a distance of 24*17 metres from a source of light about 1 miu. ii\ 
diameter and the photographic plate was at a distance of 15-47 metres from flie 
slit. I'hc geometrical shadow of the slit is indicated by dotted line's in the 
photograph. Wo see that the edge of the shadow is displaced a long way from 
the geometrical shadoAv and that intcrfcrcnco bands occur, the latter being 
farther apart the smaller the breadth of the slit (Arkadhcav). Similar 
experiments have been m«ule -with X-rays by B. Walter (1924). 

(4) If we look directly at a source of light but hold a wire about 0*2 miu. in 
diameter just in front ot llie eves, or if we hold the wii’e at a^m^s length and 
look at it through a strong hand-lens, avo sei* a nmnber of bright and dark bands 
in the blurred shadoAV of the wire, rumiing parallel to the Avire. The central 
portion of the shadoAW i.e. that part Avhich according to the geometrical diagram 
should be darkest, is bright, and the black bands o(‘cur at equal distances on 
eitlier side. The last phenomenon may also be displayed objectively by receiving 
the shadow of the thin wire on a white screen at a distance of about 2 metres. 
Hero again the very middle of the shadow is bright. 

Fig. 16 (Plate 1) is the photograph of the shadow of a needle 1*97 mm. in 
diameter, taken by monochromatic light (wave-length X — 0-46 [Ji). The needle was 
illuminated by a slit 0-7 X 4 mm. parallel to the needle; the needle was 24-17 
metres from the slit and the photographic plate 15-47 metres from the needle 
(Arkadieav). 

Similar phenomena are observcnl if we look at a bright and distant source of 
light with the eyes nearly closed, so that the eyelashes form a “ grating in front 
of them. 

(5) If we place a small opaque screen with a sharp edge in the path of the 
rays from a distant point source, this screen does not throw a sharp shadow on 
another screen, but the bright region fades gradually into the dark region, and 
in front of the region of geometrical shadow the illuminated portion of the 
shadow contains a number of more or less coloured bands parallel to the edge 
of the geometrical shadow (fig. 16). 

Theory of the Diffraction Phenomena. In Vol. II (p. 241) it lias 
already been indicated how these diffraction phenomena ran be ex¬ 
plained quantitatively on the basis of Huygens’ piinciple and its 
extension by Feesnel. The case of a small circular opening, i.e. the 
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above-mentioned case of the very small opening of a pin-hole camera, 
was discussed there. 

We now go on to discuss the case of a small circular obstacle. 

Small Circular Obstacle. —In fig. 17 B denotes a circular obstacle 
with its edges at NN illuminated by parallel rays of light LL. Ac¬ 
cording to the geometrical theory there would bo a cylindrical rc'gion 
of shadow behind the obstacle, with its axis OP along the normal to 
the obstacle at its centre. In actual fact, however, the middle of this 
geometrical shadow is always bright when the obstacle NN is small 
in comparison with the distance a. In the figure the dimensions have 
necessarily been drawn incorrectly, 
as the distance a is actually several 
metres but the diameter ot the 
obsttiele only a few wave-lengths. 

If we imagine the piano of the oh- 
Btoc'Jn extended, this extension forms a 
wa\(^ surface for the parallel rays of 
light LL. Just as was described m Vol. 
li (]) 241), we now construct spherical 
suitaces alioiit a point P lying on the 
axis, the innermost of these spheres 
pas'^lng through NN, the lim of the 
obslricle. If the radius of this sphere is 
h, the lollowing spheres mu^t Iiave radii 
h -f X/2, h -1 2X/2, & -i- 3X/2, &c. These 
spherical surfaces cut elomuitary Fresnel 
zones out of the wavf‘ surface; their 
boundaries (circles) are half shown in 
the hgure, and tliev are to bo imagined as rotated through DO'" in the plane ol 
the obstacle. By Vol. U, p. 242, the elementary zones all have tlio same ait a 
and emit \ia\e 8 in such a way that the waves from two neighbouiing yont's 
ditfor by exactly half a vibration at the instant when they reach the puint P. 
The same considerations apply to these elementary zones as to an inlimte plane 
wave (Vol. 11, p. 243). If vc denote the eftect of zone 1 at P by that ot /one 
II by Z 2 , and so on, the total f fTert of all the zones at the pomt 

Z-- — z^-\- , . , ad infuutaih 

We write this seix^s as follows 

- -- 4 4 \ ( 2-3 — 24 -f -f . . . 

As was cxplauicd on p. 243 of Vol. 11, each bracket becomes equal to zero, so 
that the resultant elTect rednoes to 

Z = izi- 

Hence: 

If a pencil of patallel rays falls normally on a syyiall circular obi^failc, the 
illumination at a point behind the obstacle on its a us is the same as if half the 
elementary Fresnel zone nearest the nm of the obstacle were alone effalive. 

The light accordingly spreads out even beliind the obstacle, llus, of course, 
happens no matter what the size of the obstacle. If the diameter of the obstacle 
NN is 2r, the area of the first elementary zone, by considerations similar to those 


P 



Fig 17 —To illustrate the theory of difiiiciion 
at a snijll ob'^taclt 
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of Vol. II, p. 242, is TiXb. The intensity at P will be proportional to this area, 
and will also decrease proportionally to NP* according to the law of inverse 
squares. According to I'resnel. the elementary disturbances which reach P 
from the first elementary zone also decrease as the angle PNO decreases. As 
r increases, the light reaching the point P from the first elementary zone therefore 
decreases more rapidly than the expression nXb/b'^ or 7 cX/V(a 2 -f r^). If the 
obstacle is relatively small {r small compared with a), the angle PNO (tig. 17) 
may be regarded as a right angle; the light reaching P from the first elementary 
zone is greater the smaller a is. If, however, the obstacle is relatively large (/* is 
not negligible compared with a), P receives less light the greater r (and also a) 
is compared with X. 

At a siifficient distance behind a small obstacle^ therefore, there is no 
longer a proper shadow (when parallel light is used); at any one distance, 
hoimver, the shad me is more clearly developed the larger the obstacle is. 

If we imagine the point P laterally displaced, e.g. to the right, the 
figure becomes a great deal more complicated; we can see at once, 
hotvever, that the brightness must be increased, as then the elementary 
zones adjacent to the right-hand edge of the obstacle become broadened 
much more than the zones on the left-hand side are narrowed. 

Photographs of the shadows of tw^o small metal obstacles are shown in tig. 18 
(Plato I). The diameters of the obstacles were such that the first covered one elemen¬ 
tary Fresnel zone, the second two elementary Fresnel zones. In both figures the 
white spot in the centre is noteworthy as showdng that diffracted light is present 
at the very centre of the geometrical shadow.* The photographs ot lig. 18 and 
of fig. 28 (Vol. JI, p. 245) were taken with monochromatic light of wave-length 
X = 0*46 fi. The distance of the point source of light from the obstacle or opening 
was 27-77 metros, and the distance of the photographic plate from the obstacle 
or opening 11*7 metres (Arkadibw). 

Narrow Rectilinear Obstacle (Thin Wire). —We may regard NN in 
iig. 17 as tbe cross-section of a narrow rectilinear obstacle extending 
to an infinite distance at right angles to the plane of the paper. The 
elementary Fresnel zones I, II, &c., then become narrow rectilinear 
strips parallel to the obstacle B. These elementary zones, how^ever, no 
longer have equal areas, the area slowly decreasing as the number of 
phase jumps increases. 

This decrease in the radiating surface leads to a decrease in the disturbances 
sent by the individual zones to a point in the geometrical shadow' behind the 
centre of the obstacle, just like the decrease in amplitude of the individual dis¬ 
turbances due to the elementary zones which we discusvsed in Vol. II (p. 243). 
If, as on that occasion, Cq, Zi, are the disturbances produced by the elementary 
zones at the |)oint in (question, the z's slowly decrease as the number of the 

* This seemingly absurd result was deduced by Poisson (Vol. II, p. 93) from 
Frosnel’s diffraction theory; he found that the Light must penetrate into the middle 
ot the geometrical shadow of a round obstacle just as if there were no obstacle in the 
path of the rays. Poisson, who thought himself obliged to defend the then current 
Newtonian idea of the corpuscular nature of light against the wave theory, regarded 
his deduction as an objection to Fresnel, who was a sponsor for the wave theory, and 
thus contributed to the victory of the latter on the phenomenon being actually ob¬ 
served. 
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elementary zone increases, on account both of the increase in distance and of 
the decrease in area. As before, wo may assume that the disturbance is the 



arithmetic mean of the disturbances due to the neighbouring zones. Every 
point behind the centre of the obstacle is therefore illuminated as if only the 
first half of the two elementary strips I lying to the right and to the left acted 
on it; the effects of the other elementary strips accordingly cancel one another, 
jnst as we deduced in the case of the small circular obstacle (tig. 17). 

Measurement of Wave-length by Diffraction 
a-t a Wire. —This cas(‘ is of special practical 
importance inasmuch as it enables us to deter¬ 
mine the wave-length of the light used fairly 
accurately by very simple means. For the 
two edges of the narrow obstacle or the two 
lines of contact of a pencil of parallel light 
rays with a (cylindrical wire act just as if 
these edges were coherent sources of light; 

each side has the same effect at a point in the __ 

shadow of the obstacle or wire as the half of •5’ ^ s 

the first rectilinear Fresnel zone immediately 6 

adjacent to the edge. Fig. lUustrate the 

theory ot Fresnel’s mirror 

Let the small circle in fig. 19 represent the cross- experiment (sec also p. 174 ) 
section of the wire,* its diameter d can be measured 

by means of a screw gauge. The wire is illuminated from the left !>> pdiallel 
rays travelling in the direction L from a source of light (slit). From tlio 
edges Rp Rg of the wire two systems of light -waves travel into the region 
of the geometrical shadow; these systems are coherent, as thej' start from 
the same source of light and agree in wave-length and phase. It follows 
from this that the centre of the shadow on the screen S must be bright (tig. 21 ), 
for the centre is equidistant from the two edges, so that hero the light waves meet 
in the same phase. At the point I) there is a dark band, provided the difference 
of its distances from the two edges of the wire is equal to half a wave-length or 
an odd multiple of half a wave-length. If we call the distance between two 
adjacent dark bands 8, i.e. the distance of the central bright band from the first 
dark band 8/2, the distance of the screen from the wire a, the thickness of the 
wire d, and the wave-length of the light X, it follows that if we describe a circle 
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with centre D and radius DEj cutting LR^ at E (fig. 20), we have R 2 E = X/2. 
Owing to the great distance of the screen SS from Rj and Ba, we may regard BjE 
as a straight hne perpendicular to BgE and hence BiBgE as a right-angled 
triangle. If we join MD, it follows from the equality of their angles that the 
triangles KiILF, MDH are similar. Hence BjE^: B 2 E ^ MD ; DH, and as 
(owing to the great distance of the screen from the source of light as compared 
with the distance between the bands) we may put MD = MH, we have 

X f!. 

a 

21 shows the diffraction pattern projected on a screen carrying a scale. 

Of the bands which are formed only the central one is pui'e whiter 
the bands further removed from the centre exhibiting coloured edges. 
To investigate this phenomenon we observe the bands simultaneouBly 
through a glass coloured red in its upper half 
and blue in its lower half (cf. fig. 11, p. 183). 
AVe find that the two systems of bands now^ 
consist of red and black or blue and black 
bands, and that the red bnnds are farther 
apart than the blue ones. Hence, according 
to tlu^ abov(' formula, the wave-length of 
red light is greater than that of blue light 
Fif? I -ouamitdtivc P* At a greater distaucc from 

observation of interference thc CCUtre thc SUpcrpOSltlOU of thc SystemS of 

bands for the various colours gives rise to white 
bands with coloured edges (Chap. VII, § 2, p. J 54). 

Narrow Slit.—A narrow slit behaves essentially like a small open¬ 
ing. If we imagine that fig. 27 (p. 244 of Vol. II) is a vertical cross- 
section of the slit, we can apjdy most of the discussions based on this 
figure to the phenomena exhibited by a slit. 

The elementary l^Yesncl zones 1,11, Ill, &c., however, are now rectangles (loc. 
cit.) with their long sides parallel to the slit and their short sides given by OAj, 
A|Bi, iiiCi, &c. The areas of these elementary zones arc no longer equal but 
decrease as tbo number of the zone increases. The disturbance at a point P be¬ 
hind the centre of the slit, which, to a first approximation, is proportional to the 
area of the elementary zones, therefore decreases as the number of elementary 
zones emitting light inor('ases. The disturbance arising from the first elementary 
zone preponderates over all the rest, lii any case, therefore, the central region 
behind the slit is bright. But according as the first elementary zone alone, or the 
two first zones, the three first, &c., contribute to the disturbance—these cases 
may occur as the distance a of the point P from the slit diminishes—the bright¬ 
ness obseiyed along the axis P^O goes through a maximum for one elementary 
zone, a minimum for two, a second maximum for three, and so on. Thus there 
is an alternating sequence of dark and bright bands on either side. The case 
when P is at an infinite distance is discussed in detail in Chapter Vm, § 8 (p. 198). 

Diffraction at a Single Edge. —In fig. 22 R represents an obstacle 
unbounded on tbe left, with the rectilinear edge N, on which the 
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pencil of parallel rays of light LL is incident. The white screen S 
is set up behind this opaque obstacle. NPq is the boundary of the 
geometrical shadow. 

According to Huygens’ principle all the surface cleiiK'nts of the plane wave 
surface W which just grazes the diffracting edge N contribute to the disturbance 
at any point P at a distance a from the wrave surface. Ow ing to the variation of 
the distances from the points of the wave surface to P, however, th('^o distur¬ 
bances arrive at P with varvinir phases. From P wo draw^ the ra^s PQ^ a, 
PQi - a I X/ 2 , PQ^ a -r 2 a/ 2, . . - a ' /2 to the points 

Q 2 > • • •> Qn ^f surface. Tlien 

QuV FQn-^- W- 



pr(;vidi‘d w^e may mglect 112 x 2 / 4 . The disturbances produced at P by the stiip'^ 
of surface of breadth QoQi, QiQ 2 » Q 2 Q 3 » • • • parallel to the straight edge N must 
be ap])roximate]y proportional to these breadths. Corresponding to every ra\ 
starting from th(' strip of breadth QqQ^, there can be found ono of opposite pha^e 
ill the neigbboining strips. The disturbances which arrive at P from QoCh, QiQo' 
&c., therefore have alternating signs. Let the disturbance duo to tlio 
strip of breadth QqQi b(‘ Aj, that due to Q 1 Q 2 , Ao, and so on. Then 
gives rise to the disturbance Sq == A^ — Ao + A., — A^ -r • • • -r A^. Hu<‘ 
is proportional to QoQ^ — QoQn-i = V(«aX) — V [(n — 1 )uXb i.c. 

as V increases the amounts dimmish to zero. The series 

So = Aj — A 2 + Ag — A 4 . . 

bemg a series of terms alternately positive and negative, therefore convera(‘s 
towards a ffnite limit. 

The disturbance at P only has the value Sq when P is at Pq, the geomi'triccd 
shadow of the edge N. If we now let P move from Pq towards the right through 
tlie radiation field, the disturbance at P at first increases, for P is then also 
illuminated by points lying to the left of Qq, The points of the strip QoQ/ == QoQi 
give rise to disturbances in the same phase as those due to points in the strip 
QoQi‘ Hence if 

P„P = Q/Qo = QoQi = ^(05^). 


' Kbl8 I 
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the point P has reacheti a point of mux inium disturbanoc Sj = Sy Aj. As 
1^ advances farther it must reach points of Josser disturbance, as to the left of 
there lie points which give bVht vjth the same phase as that j^iven by the 
points of QjQ 2 » b^ht vhose phase is opposite to that ot Aj, the greatest con¬ 
tribution to the disturbance, '^riie light intensity at the points traversed J>> P 
must accordingly diminish until P,)F attains the length of Q^Qa ^ a (2aX). At the 
distance PyP v'( 2 uX) there is minimum disturbance of amount 4 “ Aj — A 2 . 
II we let P move on farther, the same considerations for any value x of PqP lead 
to a succession of minima and maxima. Por — 0 we have the disturbance Sq, 
fora- - \^{uX) the disturbance S^, - A|, a maximum, for x - \^{2aX) the distur¬ 
bance Sy [- Aj — A), a minimum, for x \ (3«X) the disturbance S,, h Aj 
A g , A 3 , a maximum, and so on. Summarizing, we have the following: 

7^he region ouiside the geometrical shadoir exhibits dark and bright interjerenre 
bands trhich ore parallel to the edge of the obfttacle ami whose intensities become more 
and wore equal as the di.sfance from the geometrical shadoiv increases. 

The bright bands are at distances x^^ — (nal), where 71 — 1 , 3, 5, . . ., from 
the edge of the geometrical shadow, and the dark bands at distances = \ (h^X), 
where n 2, 4, 0 , . . . 

Using more poAverful methods of matluunatical in\estig«ition, TTiesnel de¬ 
duced an appri^ximation formula, 

\\h(Te n= 2, 4, 0, . . this is somewhat more accurate, particularly for the 
position of the first dark band. 

Within the geometrical shadow there lie corresponding maxima and minima; 
thus to the left of P(, at a distance a- - — v («X) the disturbance is S(> — A^. As, 
liowcver, A^ determines the sign of iSjj, being the term of greatest absolute value 
m the series for Sq, the disturbance at this distance must luuc the opposite sign, 

1. e. tlie opposite phase to that at Po. Hence betw^een x - 0 and x = — V (r;X) 
then' is a minimum where the absolute value of the disturbance is zero, but at 
the distance a: — — V(aX) there is a maximum, at which the light has the phase 
<‘xactly opposite to that at the point x ~ V (aX). Maxima with their phases 
successively alternating follow^ at the distances - - — V(nal), w-here — 1 , 

2 , 3, 4, 5, . . . The distances between the interference bands are therefore less 
than they are outside the gtsimetrioal shadow, and the difference of intensity 
b(*tween the light and dark bands diminishes miuh more rapidly. 

Divergent Light .—If the incident light is not parallel but comes from a narrow 
slit S (fig. 23) parallel to N, the edge of the obstacle, and at the distance SQq - r 
Irom the plane of the obstacle, considerations similar to those above apjily. We 
have only to replace a by raj{r a) in the final formula for the position of the 
interference bands. 

J*roof.--Tho ekunentary zones now lie on the curved surface of a cylinder; 
T n>j2. Then 

Q„T» = (a + 'fy - + (a + Q„L„)^ 

or (ihX - Q„'fV + 2 flQ„L„ - Q,|L„» ... (a) 

if we may again neglect {iO.;2f compared with an'/.. Further, 

or 0 — 2 rQQL„ ~| 

Subtraction from the previous eipiation gives 

o«>, = 2Q„L„(<i + r) or Q„L„ = 
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flence, again neglecting certain terms we have, by equation (a). 


and 
Sin 04? 


*V “ ^ 

PL,, ./ r/. 

" 2 {a r) 

^V< ■ ~ )iave 


oruX 


Ak r-^ X this t<'n(Ls to tlie foimuia V((fitA) above. 



Fig, 23.—Diffraction at a straight tdgc* \\it!i divergent light 


Expn iineiii. - In fig. 24 (Plate 1) phutoLTapfin of the shadows of the edges ol 
\arioug bodies in divergent light are shown. The uppermost of the lour photo¬ 
graphs is the shadow of the edge of a sharp razor-blade, the second the shadow of 
the edge of a glass rod 7-8 mm. across, the two others being shadows of bodies with 
a radius of curvature of 40 metres. In all four cases the diffraction bands ap])ear 
at the same intervals. The photograph was taken with light of wav(‘-l(‘ngt h 
X ™ 04(> p coming from a slit parallel to the diffracting edge. The distance r 
between the source of light and the diffracting body was 24T7 metres and the 
distance a between the diffracting body and the photographic plate was 15*47 
metres. Below the photographs is a graph of the theoretical distribution of 
intensity (Arkadiew). 

White Light.^ —In our discussion above we have always taken for 
granted that the light used was monochromatic. Now" the breadth of 
the diffraction bands depends on the w-ave-length. In particular we 
found in our last proof (see above) that the distanct^ of the bands from 
the edge of the geometrical shadow is a:„ “ \^(naX). Hence if we use 
a mixture of lights, e.g. white light, every colour gives rise to its 
own diffraction bands, which accordingly overlap. Hence diffraction 



20 


THE PROPAGATION OF LIGHT 


himJs, as well as other interference bands, are coloured when white 
light is used, each bright band being edged with blue on the inner side 
and with red on the outer side. At greater distances, where the bands 
follow in rapid succession, the separate components become mixed 
and lorm white. 

Effect of the Material of the Obstacle.-- -Hitherto we have simply 
r(‘garded the obstacle as opaque. Light waves, however, consist of 
elei'tromagnetic ^dlnafions. Hence it is not immaterial what electric 
or magnetic conditions exist at the (‘dgc of the obstacle oi opening, 
whether it is a m(‘tal or an insiiJator, &c. Those effects may be com¬ 
pared say to th(‘ eflcet on water waves of an obstacle made of soft oi 
elastically ycldnig material. Heie we merely mention these problems 
which are very dilliiadt to attack theoretically 

The phenomena adduced above may suffice to acquaint the reader 
with the essential properties of light as a vave motion. These will b(‘ 
treated in greater detail bidow on« e ve have studied more refined 
instruments for the inved.igation of the jLenornena (Chap. Vlll 
p. 174). 
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3, The Distribution of the Light from a Source. 

The distributiou of the light emitted by ordinary light sources 
differs in different directions. Hence if a source of light is to be cent- 
pletely^ specified, its intensity must be investigated separately for a 
variety of directions. Many sources of light are bodies of revolution, so 
that we can content ourselves with an investigation of tlu^ distribution 
of light in a singh'. meridian. 

Ab electric bulb can placed in any position and then rotated so that 
all its points successively .send out light horizontally, i.ex parallel to the phot(»- 
rneler bench. All other soui’ces of light, and in particular those invedving 
flames, can only be used in one definite position, so that special apparatus b.iN 
to be employed to turn t bo light emitted by the source from the direct ions uiidrr 
investigation into the horizontal direction; this can ]>e doue by arrangements 
of mirrors which can bo adjusted in various directions. 



To obtain a rapid idea of the distribution of liglit, the iiilcnsitit^s 
obtained for the different directions are plotted as the radii vectors of 
a system of polar co-ordinates and the ends joined by a curve. I h(‘ 
distribution of the light from an electric bulb is shown in fig. 10. 

A curve of this kind may bo used to calculate the whole luminous flu\ b cmi 
a source of light. If the source L (fig. J7) is at the centre of a unit sphere, liie 
latter may be divided up by meridians and circles into elements of surface dco. 
which are numerically equal to the corresponding space angles d(xh By § 1, p. lU, 
the luminous flux through this element of surface is given by the prod not of the 
magnitude of the area and the intensity I. If we form this product I r/c> for all 
the elements of the space angle, wc obtain the total luminous flux of the source 
of light by summation: that is, F — Jldo). Dividing this expression by Itt, vve 
obtain the mean spherical candle-power or average candle-power of the source 
of light. The luminous flux may also bo measured for the upper or lower hemi¬ 
sphere alone; on division by 27z this gives the mean hemispherical candle-power 
(upper or lower). 
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The ea](‘uhiti(jn of the mean intensity in the way indh’ated above is a troubJc- 
some and lengthy task; attempts h<iv(' therefore been made to determine the 
\Uiole himinouH flux by means of a snKjl( measurement. 'Iliis is made possible 
by the uHo of the Ulbricht globe or sphere photometer. This consists of a large 
liollow spher(‘ from 1 to li metres in diameter (tig. IS), whose inside surfa(‘e is 
matt and paint( mI pure w'hite. If the source of light under investigation is placed 
m a sphere of this kind, the light which it emits in all directions is refl<‘cted dit- 
fiisely many times, and c’v cry (‘lenwMit of the inner surface of the s]>here is e(iuall> 
illuminated. Then we liave merely to measures the illumination of an <‘Jement 
of surface, which is protected from direct illumination by the screen S, through 
a hole for observation () in order to derive a correct result for the total luminous 
fiiix. The Ulbricht globe so to speak integrates the individual luminous fluxes 
md i^ IheiT'fon^ nderred io as an integrating photometer. 



Fig. 17 —Total luminous Ilux l-iR. iS - -Thf I Ibncljt 

jiloht 


Fimdly, the (jiiestion of the illumination produced by a source on a gneii 
surftU‘(‘ is of great importance. The illumination can either bo measured direc tly 
by an illumination j)hotomet(‘r (p. 27) or calculated from the distribution of the 
light of the source using Lambert’s law^s, the height and distance' of the source 
and the angle at wdiich the light rays fall on the surface being known. 

4. The Mechanical Equivalent of Light. 

Light (‘on.si.sts of olectromagiietic energy projiagated with the 
.sjM'cd of light. When this falls on the retina of the eye (p. 113) it is 
transformed into the sensation of light. The measure of light sensation 
is lh(‘, luminous flux passing into the eye, measured in lumens. Or 
file power of the source may be numsured in watts or calories ptu’ 
.sf‘C‘ond, e.g. by letting the light fall on a suitably constructed ealori- 
met(T (or on a black body (Vol. Ill, p. 247)), and measuring tin' 
rise in temperature. We can thus find how many watts or calories 
per second correspond to one lumen. Here, liowever, it is to be noted 
tliat the eye is ]iot equally sensitive to all w^ave-lengths. The continuous 
< nrve in fig. 19 is the curve of sensitiveness of the eye for bright light; 
it has a maximum for the wave-length 555 mjx (yellowish-green). This 
light is also the strongest constituent of sunlight as received at the 
<'arth\s surface, a fact which has led to interesting deductions as to the 
course of evolution. 

The number of watts which in the form of light of the wave-length 
fn w hich the eye is most sensitive represents a luminous flux of 1 lumen. 
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IS called the mechanical equivalent of light (M). Experiments give 

M 0*00133 —^ 5 per cent, 

iiimen 

For light of a diheient wave-length we havt‘ also to take into 
jrcount the curve of M^nsitiveness of the eye, which is given below. 

Note.- For faint light (twilight) the eye has a different curve of sensitiveuehs. 
Inch is shown dotted in fig. U) (th<‘ Pmkinje effect). Under certain circumstances 
this must also bo taken into ac(*o\int 
m f lie calculation. 

Most of th(‘ sources of light used 
»t present depend on tht* pnxiiiotion 
oi light through heat (temperature 
ladiation*), and in addition to 
\ isible light emit very large amounts 
4 *i invisibU' radiation, mostly on the 
h mg-wave side. Of the visible light, 
ai/ain, only a fraction is utilized hy 
t h<‘ (w 111 accordance with its curve 
of sensitiveness. Fig. 20 exhibits 
t}i(' relationships for a body heated 
to ‘1000^’ abs., corresponding more 
or less to a modern electric bulb, 

'The energy of the radiation of the bod\ is plotted as onliiiate against the w.i\e- 
((‘imth as abscissa. The shaded area donote^ the portion of energy w hich is radiati'd 
as \isible light, the black an*a the fraction corresponding to the sensitiveness of 
the ej^e. We see how uneconomical this method of light production is. Fikam 
has recently succeeded In an entirely different method (an* discharge in sodnun 
vapour) in obtaining extremely high yields 
of light, nearly reaching the mechanical 
e quivalent of light. 

A measure for the yield of light 
IS given by the fraction of energy 
sup})lied which is transformed into 
visible light, i.e. the intensity in 
international candles produced by 
one watt. The yield is accordingly 
measured in canciles/watt. The re¬ 
ciprocal watts/candle gives the power 
which must l)e supplied to produce 
an intensity of one candle-power.f 
Such values have already been given 
in Vol. Ill (pj). 259,339, and 356); see also Temperature radiation, Vol. V. 



Fig. 20.- Lnerg> of toUl rddi.ilion (area ol 
continuous cur\e) compared uith the energy of 
visible radiation (shaded) and the brightness 
perceived by the eye (black). Radiition of a 
black body at 3000'’ abs. 



1 lo -Cui\c ot stnsituttuss of the c\e ios loujlii 
lifflit (continuous) and tor Iccblc lipht (dotted) 


* S('c Vol. V. 

f I In practice the “efficiency ” of lamps is expressed in lumens per watt. Modern 
tungsten filament lamps have eflick iieies ranging from 8 lumens per watt for the small 
laizcs np to ffO lumens per watt for the higher wattage types.] 
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Geometrical Optics: Reflection and 
Refraction 

1. Principles of Geometrical Optics. 

Often it is unnecessary to takt* account of the wave nature of 
light (Chap, I, §§ 3, 5, pp. 0, 9). Thus, for example, in discussing 
the images formed by the pin-hole camera, we may assume that llu' 
light rays still remain slraigiit lin(‘S when passing tlirough the opmiing. 
As was sliown in § b of Chapter T (p. 11), this assumption is justified 
only when tlu^ opening is uniformlv occaipied by the liglit and is largi* 
compared with the wave-hmgth <>f the light. Thest' conditions, how¬ 
ever, are satisfied in a very large number of cas(\s oc(‘urring in practif'e. 
In these easc's, th(‘refon\ tli(‘ lays of light may l>e treated like gc'o- 
metrical straight) lines, and many probl(*ms may thereby be readiU’^ 
solved, sonR‘ of which ar<‘ very difficult to discuss on the basis of th(‘ 
wave theory. This na^thod of treating opti(‘al ]>roblcms is knowm 
as geometrical optics (or ray optics), while the method where the w^avi' 
]ax)pcriit's of light arc taken into account is known as physical optics 
(or wav(‘ o])tics). Tlie following four chapters are based on the aboM‘ 
ahsnmpiions. Wc shall begin by considering the radiation emittcsl 
fnmi a viwy small (diunmit of snrlace. In pra(*tice the crater of an ao' 
lamp or a small opening in an opaipie screen used to cut down tla^ 
radiation from a source of light ma)^ be regarded as fulfilling this obj(*{‘t. 

In geometrical optics the course of the rays is independent ol 
direction, that is, any particular path followed by the rays may also 
be traversed in the reverse direction {Jaw of the reversibility of the path 
of the light). Thus, e.g., in reflection the incident ray and the reflected 
ray are interchangeable. See also pp. 37, 51. 

2. The Plane Mirror. 

Applications.— The action of the mirror was described on p. T. 
We shall now mention some applications. 
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Tho ordinary piano mirror is used either when we want to make a given light 
ray travel in a prescribed dhection or when wo wish to calculate the aniomit 
tlirongh which a miiTor has rotated from the change in direction of a light ray. 

Tlie heliostat or coelostat * is used to bring rays of light from the sun or 
into th(^ observation-room through an opening in the \\alh Acx^ordiiig as the 
beliostat is turned by hand or by clockwork so as to follow the apparent luotioi? 
of the sun, it is called a hand lirliontat or clockwork keliostot. In clockwork helio- 
slats the axis of rotation of the mirror is set parallel to the earth’s axi'-: th" 
mirror rotates once in twenty-four hours, and always reflects the sun’s ra>s in .* 
direction parallel to the earth’s axis. The rays are then sent in any dtsire l 
direction by means of a second mirror. The heliograph (tig. 1, Plate 11) used for 
signalling works in exactly the same way. The mirror on the left, drivcai by 
clockwork, sends sunlight in a prescribed direction to the actual signalling rairmf 
on the right; signalling can then bo 
continiK'd for long jicriods without 
the nei'cssity for adjuslmg the appa¬ 
ratus the position of the sun in tlie 
sky varies 

The reflecting goniometer (shown 
in out line in lig. 2 and in perspeotne 
in ti<j, rj, Plait' 111) is used io find the 
angle bt'iween t’wo surfaces (c.g. of a 
ervstal t»r prism). The goniometer 
l onsists of a divideti circle K, at the 
(■(‘utre of which a small tabled’ is fixed 
so as to be free to revolve. To the 
table there is rigidly fixed a rotating 
arm (not shown in fig. 2) eari\mg a 
zero mark and a vernier from which 
the rotation of the table may bo road 
oil. A tube 8 provided wdl h a slit am 1 
a convex lens (tlu' collimatorf) also 
lixed to a-n arm rotating about an axis comciding with the axis of the tablu and 
f»assiiig through the centre of the divided circle. The amount tluoiigh wdiich thi*^ 
<irj/i rotates can also be read olT on the divided circle. The position of the colii- 
mator slit relative to the lens is such that the rays of light entering the slit leave 
the collimator lens as a parallel pencil of rays (p. C.S). Finally, an arm eariwiim 
a telescope h' is aho lixed 1 ) tlie axis of the goniometer so as to rotate about tlic 
iatier; its rotation can also be read olf on the divided circle. The telescope is se 
adjusted that on looking in a straight lino througdi the telescope and tin' eolli 
mator. one sees a clear image of the slit. The telescope usually contains ero^> 
wires (p. 137), so that the direction of the telescope can be accurately estabiislu'd. 

In order to moasiiro the angle of a prLsm with the reflecting goniometmx wi 
sot the i^rism aljc on the table T (fig. 2) so that the edge c of the prism is parallel 
to the axis of rotation of the goniometer. A pencil of rays passing throutrb tlir 
collimator S falls on the surface be of the prism and is reflected there. tele 
scope T is then adjusted so that the reflected ray of liglit falls exactly on tlie 

* Gr., hilioSf the sun; Lat., status, fixed; Lat., forlctm, the sky. 

f Lat., Umare, to polish, to investigate carefully, from liina, a file. The word col- 
limare w'as erroneously formed, in place of the correct term colUmarc, to bring into a 
straight line, owing to a wrong reading in Gicebo; the taibe should really bo called a 
collineator. The term collimator was originally applied to the auxiliary telescope 
attached to large telescopes, its use being subsequently extended to the app<irafciH 
deserilxid above. 

(r, ni8 



Fig. 2.—-Plan ol a reflecting goniometer 


4 
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-cross-wires. The table and prism are next rotated so that the light ray entering 
the collimator is reflected into the tcdescope by the second face of the prism, ac. 
The new position of the prism is shown by dotted linos. The angle through which 
the table has been rotated is read off on the divided circle: it is equal to the 
supplement of the angle of the j>ri 8 m lo be determined. 

Tlie mirror and scale (fig. 4) is used to measure the rotation of a small 
mirror accurately (e.g. of a mirror which is fixed to the suspended magnet of a 
galvanometer and rotates with it). At a measured distance a the telescope P is 
set up so that the normal to the mirror coincides with the axis of the telescope. 
We then observe the zero mark 0 of a scale IVIM set up at right angles to the 
telescope and usually just above or below the telescope objective, by reflection 
at the mirror. 

If the mirror S rotates through the angle 9 , the normal to the mirror rotates 
■with it, and wo then see a point A of the scale such that ZOSA = 29 . The 




Fig. 5,—The succession of images formed 
by a plane mirror 


position of the observed point A is determined by the distance OA ~ d. Wo 
can observe tan 29 ™ dja very accurately, as both d and a can be measured 
accurately. If the angle 9 is small the tangent of the angle may be replaced by 
the angle itself (in radians); for small deflections, therefore, the observed linear 
deflection is proportional to the angle of deflection. 

Combinations of Mirrors. Parallel Mirrors. —A large number of 
the mirrors in use are of glass silvered at the back. When a ray of light 
falls on a mirror of this type, part of it is reflected at the front surface 
of the glass and part of it penetrates into the glass. The latter part is 
almost entirely reflected at the silvered face, i.e. it returns to the front 
surface and is there again divided into two parts, one returning through 
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tihc glass and the oth(‘i‘ passing out of the glass. The part remaining 
in the glass is again reflected at the back surface and again subdivided 
at the front surface. The reflected portion of the ray traverses the 
layer of glass in both directions for the third time, and the process is 
repeated until the residue of light becomes so feeble that it can no 
longer be detected. 

The process is illustrated ui fig. 5. The splitting-up of the rays is showai for 
a ray incident almost normally on the front surface (VV) of the mirror. HH is 
tho silvered rear surface of the mirror. The parts of the rays which emerge from 
the front surface arc denoted by S^, Sg, &c. (Meanwhile we do not stop to con¬ 
sider the change in direction of the ray on entering the glass.) Wo see that the 
repeated reflection must give rise to a large number of images of the source of 
light L; these lie one bohLad the other, so that they are not visible separately if 
we look at the mirror in a direction exactly at right angles to it. (Owing to the 
refraction in glass which wa** mentioned above, the distance between the suc¬ 
cessive images B 2 , <Src., is cfpial to thref'-quarters of the thickness of the glass: 
llie biightost image is Bg.) 



Fig. 6.—To illustrate the principle of the sextant 

Mirrors inclined at an angle to one another.— -Tlie two mirrors 
iSiSi and S 2 S 2 (fig. 6) ar(3 set up parallel to one another. The ray of 
light U falls on is reflected, falls on and is reflected in the 
direction V. As tho angles of incidence of the ray are the same for the 
two parallel mirrors, and hence the angles of reflection are ecpial, the 
twice-reflected ray V is parallel to the incident ray U. We now rotate 
ibe mirror S 2 S 2 through the angle ^ into the position S'S'. The nor¬ 
mal to the mirror (L) is thereby also rotated through the angle ^ 
into the position I/, and the angle of incidence of the ray falling on 
8'S' is increased by <f>; hence the angle of reflection is increased by 
the same amount. Consequently the reflected ray is rotated through 
the angle 2<f>. Hence it follows that the new reflected ray W now 
makes the angle 2<f> with the original ray U, 

If a my (f light is reflected in succession hy two minors inclined at 



REFLECTION AND REFRACTION 


3G 

an angle (a one another^ the rag ib' deviated through an angle which is 
eqtml to fvnce the angle hetween the mirrors. 

This fact is utilized in the sextant (%. 7). A frame in the form of a sector ot 
a circle (of about GO'", hence the name sextant) is graduated along the circulai 
edge MC. A small plane mirror B whose plane is at right angles to that thf 
sector is free to rotate about its axis, which passes through the ceiilre of th 
circle. The mirror is fixed to ono end of tin* arm lb?; tlic other end of the arn 
carries a vernier w’hich enables the position of the arm to bo read off accuratel.v 
on the graduated circle. Facing the rotating mirror there is a second mirroi A. 
which is fixed to one hmb of the sector and has only its lower half silvered. W’hcr 
the plane of the rotating mirror B is parallel to the plane of the fixed mirror A 
the zero point of the movable arm must coincide with the zero of the di\ided 
circle. If wo look through the hole O at the silvered and non-silvered halves of 
A simultaneously, two pencils of rays enter the e\o at the same time, namely. 



the ono coming directly through the non-silvered part of A and the ono refiocted 
from B to A and then from A to O by the silvejed half of A. Thus, e.g., if we look 
through O aFa star while the Iwo mirrors are parallel to one another we see tlu 
star once through the glass A and (if the sextant is slightly tilted) again clo>» 
beside it in the mirror part of A, If the mirror Ji is now^ rotated, a ray which i- 
to be reflected to A and tlaaice to the e}e through O must fall on B from anotlior 
direction, e.g. from another stai. Hence wo then see two slurs, one on top of thi 
other, tlic angle subtended by them at the eye* being twice the angle throuuh 
which B was rotated. The latter angle can bo read off on the divided circle, thr 
graduations of which give the angle subtended liy the two stars directly, i.e. give* 
twice the angle through which the mirror has actualI 3 " rotated. 

Fig. 7 shows a very simple model sextant with a wooden frame. For actual 
observations the apparatus is made of metal and the graduations are made on 
a silvered strip of metal. The hole O is replaced by a telescope, which enable‘s 
the adjustment to bo made very accurately. With the sextants in ordinary use 
angles can be measured accurately to within half a minute of arc. 

The sextant is a very convenient instrument for measuring the angle sub¬ 
tended at the eye by two stars, the angular elevation of the sun, and so on. The 
chief advantage of the sextant is that it requires no fixed support; hence its 
extensive use in navigation. 

The Kaleidoscope. In the kaleidoscope the repeated reflection of an object 
at two mirrors meeting one another at an acute angle is used to produce a multi¬ 
plicity of patterns, all of which are symmetrical about the centre. 

♦ Gr., kalos, l>eautiful; eidos^ form; skopein, to see. 
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3. Curved Mirrors. 

Concave Mirrors. —Some of the properties of concave mirrors have 
already been deduced from the general theory of wave motion (Vol. II, 
j)j). 217, 246). It will be instructive for the reader to renew his acquain¬ 
tance with them, starting from 
the point of view of geometrical 
optics. 

Parallel Kays 

The laws of the plane mirror 
may also be applied to small 
elements of curved surfaces. 

The nc»rmal to such an (dement 
IS the normal at thal point to 
the surface. 

Suppose that LjA and L>B in 
tig. 8 arc two rays belonging to a 
paralld pencil, which arc ^ cry (lose 
to one another and are incident 
on the two neighbouring surtace 
t^K'nients A and B of a curved mirror. I./et ANj, BN 2 be the normals at 
A, B to the surface of the mirror. The rays reflected by the surface elemf'iits 
intersect at R. According to the law of reflection ZLiANj-- ZN^AR and 
ZL 0 BN 2 -- ZN.^BR. The ray reflected by a neighbouring surface clement C'm 
general intersects the two first reflected rays at two points S and T which do 
not coincide with K. In the special ease where the surface elements A, B, C are 
parB of a paraboloid of revolution uitli its axis parallel to the incident rays, the 
three points of intersection 
R, 8, and T coincide ’svith the 
geometrical focus of the para- 
b(.*Ioid of revolution, for the 
local radius and the diameter of 
a parabola are equally inclined 
to the normal of any point 
(tig. 9). Hence; 

If a jKirallel pot oil of 
rays falls on a mirror with 
the shape of a paraboloid of 
rrvohdion in the direction 
parallel to its axis, the reflected rays all pass through the so-called focus 
of the parabolic mirror (fig. 10). 

From the principle of reversibility of the path of the rays we have 
the following result: 

The rays pvceeding from a point source of ligM at the focus of a 
imabolic mirror^ and in general any rays passing through the focus, are 
jefleeted in a direction parallel to the axis of the mirror. 



Fig, g.*—Parabolic mirror 



Fig. 8.—-Surface elements of concave minor 
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Thf'se relationships have already been used in the discussion of Hertz’s 
experiments (Vol. Ill, p. 637). 

The radius of the circle of curvature at the vertex of a parabola is twice the 
focal length, so that M, the centre of the circle of curvature (fig. 11) is twice as 
far from the vertex S as the focus F. This circle of curvature has especially close 

(four-point) contact with the parabola, so 
that near the vertex it may be substitutivl 
for the parabola. Hence it follows that 
we can replace a parabolic mirror by a 
spherical mirror provided we use onl> the 
central part of the mirror and the radium 
of the sphere is twice the focal length of 
the parabolic mirror. 

A concave mirror conskting ot 
of a spherical shell is called 
a spherical mirror; the straight line 
which passes through the centre 
of curvature M (lig. 12) and the 
centre of the vsurface or pole of the 
mirror (S) is called the principal axis» 
or simply the axis, of the mirror. 
Twice the angle SMA (a) formed by the axis MS and the radius MA 
drawn to the outer edge A is called the angular aperture * of the 
spherical mirror. 

If rays fall on a spherical mirror in a direction parallel to the axis, 
after reflection they all pass through one j)oint, ivhieh is equidistant from 
the centre of curvature and the pole of the mirror. 



Fig. 10.—Parallel rays incident on concave 
mirror 



The distance of the principal focus from the pole is called the 
focal length (/). If the radius of curvature of the mirror is r, we have 

f -\r. 

If the angular aperture is large, the spherical mirror does not reflect 
all the rays parallel to the axis in such a way that they meet in a singl 

♦ [The diameter of the circular boundaiy of the mirror is sometimes called tlif' 

apifiure^ 
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point. The points where neighbouring rays intersect after reflection 
lie on a surface (caustic * surface) which has a cusp at the principal 
focus of the mirror. 

The caustic surface becomes visible if sunlight is allowed to fall on the con¬ 
cave surface of a silvered clock-glass and smoke is blown into the path of the 
rays; it appears bright as compared with the surrounding space. The poculiarly- 
Hhaped bright line seen when sunlight shines on a polished napkin-ring or finger- 
ring lying on a white background is the intersection of the caustic surface with 
the plane of the background, the caustic curve (fig. 13, Plato Ill). 


Divergent and Convergent Rays 

Object and Image on the Axis. —The two focal radii of a point on 
an ellipse make equal angles with the normal at that point. Hence 
if a source of light is placed at one focus of a mirror which is an ellips¬ 
oid of revolution, the rays are reflected so as to pass through the otW 
focus. The two points determine the axis of the ellipsoid. 



Fig. 14,—Divergent rays incident on a concave mirror 


Provided the angvlar aperhire is small, an elliptical mirror may 
likewise be replaced by a spherical mirror whose radius is equal to the 
radius of the circle of curvature at the vertex of the ellipse, 

Tt is therefore possi])le to produce a mirror of spherical curvature 
which will cause rays parallel to the axis and also divergent rays pro¬ 
ceeding from a definite point on the axis to meet in one point, pro¬ 
vided only that the angular apjerture of the mirror is sufficiently small. 

Let SAS (fig. 14) bo a spherical mirror with pole A and centre of curvature 
M. Let G be a point source from which divergent rays fall on the mirror, such as 
GC and GA. For the first of these CM is the normal to the surface; GA is re¬ 
flected back along itself. B, as wall be shown, is the point where all the rays 
emitted by G and reflected by the mirror meet. It is called the image of the 
object G. The ray GC is reflected to B in such a way that Z^GCM - ZMCB. 
As CM is the bisector of the vertical angle in the triangle GCB, we have 

GC : CB - GM : BM. 

Convention ais to Sign. —Here we shall lay down the following 
convention about the signs of the quantities involved in calculations 
connected with reflection. The light is always to travel from left to right. 

♦ Gr., kaustikos, burning. 
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The distance from a mirror of a point mutt in g or receiving light is alwags 
to he reckon^ positive in the direvtion in which the light is fravelUng. 

iiC and GA are accordingly positive in tig. 14, as the light is moving from G 
lu the mirror. BC and BA are negative, as the light is moving from the mirror 
to tlie point B. We shall, howeviT, make the origin from which GA and BA are 
rf‘ckoned at A, the pole of the mirror, that is, the intervals are to be reckoned in 
the direction from A to G and from A to B once and for all. W© make this clear 
by calling them AG and AB (in contradistinction to GA and BA). Then AG 
in fig. 14 is negative, AB positive, for the direction AG is opposite to the corre 
hponding direction of motion of the light, while the direction AB is in the same 
iliroction. That is, we are to take AG — — GA and BA = — AB. 

The distance of A, the pole, Irom M, the centre of curvature of n 
jnjrror, is always to be taken positive when M lies to the left of the 

pole (the reflected ray moving towards 
the centre M). 

Fig. 15 shows the course of the rays 
when AG and AB have positive numeri¬ 
cal values. The object G on the axis of 
the mirror now lies behind the mirror: 
it does not now^ emit divergent rays, 
but rays converge towards it. The 
object in this particular case is virtual 
(p. 6), as it is only the prolongations of the incident rays that meet 
there. The corresponding image B is real. 

The Object-Image EQuation. —In fig. 15 CM is the bisector of the 
exterior angle of the triangle GBC. Hence, as before, we have 

GC : CB GM : BM. 

For brevity we put AG -- u, AB -- v, and AM - 2/. (According 
to the conventions given above, therefore, u is negative in fig. 14, 
positive in fig. 15; v and/are positive in both.) AF |AM” / is 
called the focal length. 

The concave mirror has a positive focal length f; the object is virtual 
if u is positive^ rexil if u is negative: the image is real if v is positive, 
virtual if v is negative (see above). 

Restriction to Rays in the Neighbourhood of the Axis. —For sniaJI 
angular apertures C falls iu the neighbourhood of A and the rays art‘ 
inclined at a very small angle CGA to the axis. Such rays are called 
axial rays. For such rays GC may be replaced by GA and CB by AB. 
Witli this limitation the statement of proportion given above may be 
written 

GA : AB - GM : BM. 

Referring to fig. 16, we may replace this by 

—u:v~~ (2/+ m) : (2/— v), 



Fig. 15.—Convergent rays incident on 
a concave mirror 
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which on rearrangement becomes the equation 

l-i + V 

V u f 

/:jiviijg the relationship between the positions of object and image: 

The reciprocal of the distance of the image from the pole is equal to 
the sti)n of the reciprocals of the distance of the object fro7n the pole and 
of the focal length. 

As according to this equation the value of v is independent of the particular 
ray selected, the equation tells us that with the above limitation all the reflected 
ra\ s are united at B. 

—Very eommonly the distance of the object from the pole of the mirror 
m reckoned positive in the direction opposite to that of our convention. The 
eejnation then becomes sn mnietrical with respect to the quantities u and v. Our 
convention was adopted so as to bo consistent with that which we shall nso later 
in discussing the formation of images by lenses. 

The Correspondence between Image and Object.—To every 
ol>ject«]>oint G there corresponds an image-point B, and conversely. 
B and G are called corresponding points, or conjugate foci. The c orre- 
♦spondence is such that B and G can exchange places, i.e. if the object 
moves to the point where its image was, the image moves to the point 
where the object was (involutory * correspondence). 

If, in particular, u-~= — 2f i.e. the object is at the centre of curva¬ 
ture, V “ 2f That is, object and image meet at the centre of curvature. 
The sam(‘ is true for the pole, where u -- v — 0. 

U u ~ CO ^ V “/: similarly if u-- — f v — co . That is: 

The focus is the image of a point at infinity; all rays falling on the 
mirror parallel to the axis are therefore united at the focus. 

The image of the focus is the pohit at infinity 07i the axis; rays pro¬ 
ceeding frmn the focus and fallmg on the mirror are therefm'e reflected 
parallel to the axis. 

Newton’s Equation connecting the Focal Distances.—Instead of 
reckoning all distances from the pole A, we may use the distances of 
the object and image from the focus. 

Woshall call the distances IF61-1^1 and |rB|-l6| (fig. 15) the 
focal distances of the object and image, and we shall reckon g j)ositiv(^ 
to the right of the focus (like n), b positive to the left (like v). Tlien wt‘ 
havef 

5= FG =^f+ u, 
b FB - -/4- V, 

or g—fv:=^b+f 

* Lat., inmlperB, to turn round; involutory accordingly means something that 
can l>e reversed. 

11 I * 1 FA I — I BA I ■»/ — r; and is negative in fig. 15. 



42 


REFLECTION AND REFRACTION 


Tlio equation giving the relationship between the positions of 
object and image (see above) then becomes 

' f 

On rearrangement this gives Newtons equation for the foeal cJistnnees 

gh^-p. 

Equation of Convergence. The rcJationship between the positions of object 
and imago may also be deduced from a different point of view, which enables 
the facts to be expressed in another way which has a variety of advantages. 
According to fig. 14 ZCMA is an exterior angle of the triangle COM. Hence 

ZCMA ZCGA 1 - ZGCM. 

As ZCBA is an exterior angle of the triangle CMB, we similarly have 
ZCMAr. ZCBA- ZBCM. 

Adding the equations and taking account of the equality of the angles at C, 

2 ZCMA- ZCGA-f- ZCBA. 

If we now imagine arcs drawn vith centres G, B and radii GC, BO, tlu‘i>e will 
meet the axis nearer A the smaller the angular aperture of the mirror. For smetl 
angular apertureSy those two arcs may therefore be taken equal to the arc AC 
If we now express the angles fif the last equation above in radian measure, bear 
\ng in mind that in fig, 14 GA and BA have opposite signs, the angles are given 
by the ratios of the corresponding arcs and their radii. We thus obtain 

" MA ■ GA '' BA 

or + 

V u r j 

From the above argument wc see that 1 /a is a measure of the magnitude of the 
angle CGA or a measure of the angular aperture of the pencil of rays falling on 
the mirror from G, if we regard i) as the outermost part of the mirror. Similarly, 
1/v is a measure of the angular aperture of the pencil of rays which is reflected 
back by the mirror so as to converge at B. Hence the quantities V ~ 1 /w, 
F ™ l/v may be called the convergences of the object-point and image-point 
respectively. If, further, we call 1// — I) the power of the mirror, we obtain 

V-XJ+D, 

a simple equation due to GuI4LSTKA^^I>.* That is: 

The convergence of the image-point is always equal to the sum of the 
convergence of the object-point and the power of the concave mirror. 

The Rehtionship between the Distanees from the Pole and the Foeal 
Distances. 

According to our convention (p. 40) the object G (fig. 14) is real 

* A. Gullstrand, Professor of Physiological Optics at Upsala. 
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wlicn it lies to the left of the concave mirror, i.c. when — co <u <0, 
Now l/v= 1//+ 1/w is also positive, i.e. the image B is real,”pi‘0“ 
vided —00 ^ —/. When u— —/a change of sign occurs in 

V, which becomes negative, i.e. the image is on the right of the mirror 
and therefore virtml, w^hen —f < ^^ < 0. 

That is, if the real object moves to the 
right from infinity on the left towards 
the mirror, the real image moves to 
the left from the focus F away from 
the mirror. The two meet at the 
centre of curvature. When the object 
r(*aohes the focus, the image has moved 
to an infinite distance on the left. If, 
however, the real object now moves 
into the region FA, a virtual image 
appears to the right of A and moves 
towards the object. The two points 



meet again at A, where u ----== 0. 
Thereafter all virtual object - points 


object and image, u, t, arc the distances 
from the pole, 6 , g the focal distances 


to the right of A give rise to real image-points between A and F 


The rclatiousiiip Ijv— 1// bet’ween the positions of the object and the 

image IS illustrated graphically in fig. 16. The part of the curve corresponding 
to real images is continuous, the remainder dotted. The curve is an equilateral 
hyperbola. If the focal distances b and g are taken as variables the axes (dotted 
in fig. IG) are the asymptot€‘S of the hyperbola. 


Properties of the Image 

Subsidiary Axes.—Any straight line drawn through the centre of 
curvature of a concave spherical mirror may be regarded as an axis. 



Fig. 17 — I’lmtipal axis and a subsidiary axis of a mirror 


In contradistinction to the pnncipal axis introduced above, which 
joins the pole of the mirror to the centre of curvature, we shall call 
such a line a subsidiary axis. Then if we. draw a straight line through 
the point A! at one side of A (fig. 17) and the centre of curvature M 
and describe circles with centre M passing through F, B, and G and 
cutting the subsidiary axis A'M at F', B', and G', the image B' corre¬ 
sponds to the object G'. 
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Plane Image.—Provided the angular aperture is small, we may 
r(‘plu(^e the arcs FF', BB', GG' by the perpendiculars at F, B, G. Hence 
if the object at G consists of a small plane surface at right angles to the 
prin( ipal axis, it gives rise to a plane image at B similar to the object, 
perpendicular to the principal axis, and upside down. 

Magnification.—The ratir> BB': GG' -- m is called the magnifi¬ 
cation (or magnifying power) 

By fig. 17 we have BB': Of 5' MB : MG. Hence m = ™ 

‘ MG AG AM 


X ( )W AB V, AAl — r — 2/, and A( t —u (p. 40). Hence rn - 


2 / 


Usini! 


th(‘ erniation ? = 1 + ? (p. 41) or/ — — 

V u f u ■ 

he deduced immediately from fig. 17. 


it follows that m •. 


- M — 2/ 

as inav also 
u 


Construction of the Image.—Pig. 18 shows how the image A' of a 
]>oint A not lying on the axis may be found graphically, provided the 
(*entre of curvature M and the focus F of the mirror are known. From 
A we draw the ray An parallel to the principal axis; this is reflected 
so ns to pass through the focus. Further, we draw the ray AM through 



} jS —Construdion ot the image Fig. 19.—Curvatuic of the image formed 

by a concav c mirror 


the centre of curvature; this is reflected back into itself. Then the 
intersection A' is the imago of A; all other rays proceeding from A 
intersect at this point. 

The point 0 (fig. 18) where the principal axis MF meets the mirror 
is also called the optical centre of the mirror. The ray AO is called the 
central ray of the pencil of rays proceeding from a point A and falling 
on the mirror. 

Curvature of the Image.—It is only when the pencil of rays pro¬ 
ceeding from the object is of small angular aperture that the rays 
proceeding from one point of th(^ object are reunited w^th a sufficient 
degree of accuracy in a single image-point (p. 39). Hence it is only 
small plane elements of surface at right angles to the axis that are 
represented by plane images. We shall now consider a special case 
where any point of the object is represented by a definite point even 
when the rays are inclined to the axis at a fairly large angle, but the 
image appears curved. 
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Let M (fig. 19) be the centre of curvature, A the o})tical centre, and F th(^ 
focus of a concave mirror, and suppose that at G there is a plane luminous objin t 
at right angles to the principal axis MA, and that a pencil of rays starts from 
the point P of the object. We aliaU assume tfiat this pencil is of srtuill ayiguhv 
aperture and that its central ray passes through the ceyitre of curvature M. Let B Ix^ 
the image of G, the point of the object which is on the axis; then 1*', the inia;!** 
of tiie ijoint P. is on the subsidiary axis A'P. By JVevvton's ocpiation on p. 4l^ 
putting |PB| — I F"P'j ” |fe| and | FG | = |F'P| ^ |sr| (where, as on p. 41, h is 
positive and g negative), we have 

P - F P . F'F =(MP -h f) (/” P'M). 

11 eoce P"jVl - MP.// (MP + /). Then if the subsidiary axis is inclined at the angle 7 

iu th(' jirincipal axis, MP ~ -and MQ, the projection of 

cos a cos a 

IMP' on the principal axis, is MP' cos a. On substituting arul nxirraiiLung, ve have 

OM 

^ g-j-2f sin^a/2 

If through B we describe a plane at right angles to tlu' princijial axis GA, the 
image-point P' is at the distance QB -= MB ~ M(^ from this plane. iLx\- 
MB - MF —• BF - ■—/ 1- h — Substituting for MB, MQ. an-1 

n^arranging, we obtain 

•2/siu2“(f/ /)^ 

BQ= -Q15^ --- • 

ff((/ I 

The value of BQ is accordingly very small when the angle of inclination a is 
.small, but increase.s rapidly as a increases. Henee in this particular ease: 

The farthei a point of a plane object at f ight angles to the axis 'i'< 
from the axis the farther removed is its image from the image-plane deUi- 
mined b\j the point of the object which is (xn the axis. 

The image is curved, the convex side being towards the pole of the 
mirror. Hence if a plane screen placed at B is used to receive the real 
image, only the central part of the image will be cl(‘arly defined, th<^ 
outside^ jiarts appearing blurred. For the point where the rays pro¬ 
ducing a. lateral point of the image intersect lies farther from th( 
mirror, so that the rays have not yet met by the time they rcacli tlu' 
screen and the intersection of the cone of radiation with the jilane 
screen is a small circle. These circles are called circles of confusion. 

Defects in the Image. Stops. - The indistinctne.8s due to th<‘ circles 
of confusion is called spherical aberration. In general, defects in the 
image are the result of defects of symmetry, as is shown, e.g., on com¬ 
parison of the paths of the rays in reflection at a parabolic mirror 
with those in reflection at a spherical mirror. They arc specially 
evident when the system has a large aperture or the object is large. 
As in the case of the spherical mirror there is no possibility of correcting 
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the aberration by other means, it is necessary to confine ourselves to 
small apertures and small angles. 

In optical instmments involving the use of concave mirrore, therefore, only 
thoHe of sTfmll angular aperture may be employed. To avoid the use of the light 
riiys falling on the margin of a large mirror and the resulting indistinctness, 
opaque screeriH with circular holes, called stops or diaphragms, are placed in 
the path of the rays. The action of stops is discussed in detail in the next section. 



Convex Mirrors.—In the curved mirrors discussed hitherto the 
concave side was used as reflecting surface and the mirror was accord¬ 
ingly referred to as a concave spherical mirror. If the convex side is 
made the reflecting surface, the mirror is called a convex spherical 
mirror. From fig. 20, which represents a convex mirror with centre 
of curvature M, we see that a ray L^C parallel to the axis is reflected 
so as to diverge away from the principal axis. The backward prolonga- 



Fig. 21.—Convex mirroi' giving rise to a virtual image of a real object 

tion of the reflected ray CR intersects the principal axis produced at 
F. Here again F is midway between A and M. We call F the virtual 
focus and AF the virtual focal length; as / is reckoned in the direction 
()]>posite to that for the concave mirror, it may also be referred to as 
the negative focal length. 

In the case of the convex mirror, real objects can give rise only to 
virtual images, for the rays from the point source G (fig. 21) always 
diverge after reflection by the mirror. The backward prolongations 
of the rays intersect at a point B behind the mirror, the virtual image; 
by p. 40, its distance from the pole (AB) is to be reckoned negative. 
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The equation giving the relationship between the distances of object and 
image from the pole and the focal length (deduced as in the case of 
fig. 15) is again 

— - ^ 7 - 

V u f 

Ju this equation the/oca7 length is accordingly to be taken negative. 

The construction of the image for points not on the axis of the 
convex mirror is carried out in fig. 22. A ray An parallel to the axis 
is reflected in such a way that F. the virtual focus of the convex mirror, 
is the apparent starting-point of the reflected ray nv. The ray AM in 



X'lg. 22.—Construction of the erect, dimini^ied, and \irtu.d image produced by a convex mirror 


the direction of the centre of curvature is reflected back into itself. 
Then A' is the apparent starting-point of the reflected rays, i.e. the 
virtual image of A. In the figure the construction is shown for two 
different positions 1 and II of the same object. 

If the object is real and erect the image produced by the convex minor 
is cirtuah erect, and diminished in size. 

4. Stops or Diaphragms. 

Out of all the rays which are emitted by one j)oint of a source of 
light the pupil of the eye selects only a very small portion (fig. 23) 
and these are alone concerned in vision. The central ray of tin* penei] 
entering the eye is the ray from the source to the centre of the pupil. 
The larger the pupil the greater is the radiant energy entering tin* 
eye and the brighter does the source of light appear. The brightness 
also depends on the distance of the source from the eye. For as the 
rays spread out in straight lines, the area of the cross-section of a 
limited pencil of rays is greater the greater the distance from its vertex. 
Hence if two eyes at different distances from a point source are to 
receive equal amounts of light (equal luminoxis flux), the diameters of 
the pupils must be proportional to the distances from the source of 
light. 
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It follows from this that the brightness of the image aotually 
percnNtrl depends not only on tlu intensity I of the source of light 
but oil the size of the cone ol light whose vertev is the point somee 
au({ ^^hosc bas(‘ is the ofieuing ol the jmpil This cone is called th^ 



1 ij, 1 Ihe pupil Cl ht n ip ituu sto^ 


apcrtuie (oru and the (small) veitical angh oi tin cone {la) is (ali^l 
the (angiil it) aperture. The base of the cone (the sj)a( e angh ) is pio 
portional to hence the brightness of the image ot a lummotn 
point IS determined bv the expiession la- 



I ig 24 —A held stop BB 


As the pupil stops out from the whole collection of rays the com^ 
of lays which determines the aperture, it may be called an aperture 
stop.* 

It may happen that there is also another stop present which selects 
a portion from the whole senes of light rays. If this stop is arranged 
like BB m fig. 24, it has no effect on the aperture of the cone ot rays 

* Ger, Aperiurblende 
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entering the eye. If, however, we imagine the source of light L moved 
upwards parallel to the stop BB, the position relative to the eye of 
the cone of light passing through the stop BB is altered; its upper 
boundary moves nearer and nearer to the pupil and may pass the 
pupil by altogether. The source of light is then no longer visible to 
the eye. The totalit}^ of all the points of space from which light can 
reach the eye, i.e. the region 
visible to the eye, is called the 
field of view. The stop BB 
restricts the field of view, so 
that we may call BB a field 
stop,* 

In fig. 25 FT denotes a plane of 
which all points are sources of light, 
e.g. an illuniinatod (i.e. light-omitting) 
picture hanging on the wall. The 
stop GG is placed at an arbitrary 
distance from it, e.g. it may be a 
window in the opposite wall of the 
room. Let A A bo an aperture stop, 
e.g. the pupil (drawn on an exagger¬ 
ated scale) of an eye at rest looking 
at M. 

The point M behaves like the 
point L of the previous figure. The 
st(^p GG has no effect on the cone of 
rays entering the aperture stop A A 
from M. Points in the neigh bour- 
lu) 0 (l (jf M behave in a similar w'ay. 

The outermost jKunts for which GG 
has no effect are the points VV, as they still send out a complete cone of light 
(indicated in the figure), which fills the whole pupil AA. 

The points adjacent to VV on the outside send to the aperture stop AA cones 
of light w hose rays are only partly allowed through by the stop GG. The light 
rays omitted by HH only half fill the stop AA, and the outer boundary ray still 
passes through the middle of AA. Finally, the points KK send cones of bglit 
through the stop GG, none of which enter the opening of the aperture stop AA. 
All the points lying outside KK behave in a similar way. 



Fig. 25.—An aperture stop AA, and a field stop GG 


We see that GG bounds the field of view (of an immovable eye 
with pupil AA at 0), so that GG is a field stop. The field of view is 
not sharply bounded off; on the contrary, the limitation begins at 
W and ceases at KK. When we use the idea of a field of view in 
future, we shall mean the part of the field of view limited by points 
which send rays into the centre of an eye at rest. These are the prin¬ 
cipal rays. In this sense the field of view is the whole surface lying 
between HH. 


fE 618 ) 


♦ Ger., Oedichtsfeldblende* 


s 
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Note the distinction between principal rays and the central rays of image- 
forming pencils of rays (p. 44); the position of the latter is determined by the 
point source and the centre of that aperture stop (lens holder or diaphragm 
opening) that limits the course of the rays in the pencil most. 

Summarizing, the brightness of the image seen depends on the aperture 
stop. 

The size of the f eld of view is determined by the rays which are drawn 
from the centre of the aperture stop to the boundary of the field stop. 

Note .—If stops are used in an instrument containing any optical parts 
(mirrors, lenses, &c.), Ihese act partly as field stops, partly as aperture stops, 
in so far as the pupil of the eye does not play the part of one or the other. The 
outer edgf^s and holders of lenses and mirrors may also act as stops. We have 
first to find out wliich stop is acting as an aperture stop; this is in general the 
one which appears to subtend tlie smallest angle at the object. Either the stop 
itsilf, if it lies between the object and the first optical jiart of the instrument, 
or its optical imago, at the centre of which the vertex of the cone of light limiting 
the field of view is situated, is the so-called entrance pupil * of the instrument. 
This is the base of any image-forming cone of ra>s starting from the jioints of 
the field of view. 

7'he entrance pupil is the a 2 i€riure sio]) of the whole optical system. 

Jf the eye of the observer is moved to the centre of the entrance pupil, the 
other (lioncentric) stops or stop-images appear as concentric circular windows 
through which ho observes the object. The smallest of these stop-images limits 
the field of view from the object side; it may bo called the entrance window. f 

The entrance window is the field sioo on the object side. 


5. The Refraction of Light. 

As was deduced from Huygens’ principle in Vol. II (p, 248), 
every wave motion is subject to refraction at the boundary between 
two media. We shall now investigate these phenomena in more detail 
for the ease of light. 

jResidts of Observation .—A coin M is placed on the bottom of an opaque dish 
and the observer stands in such a position that the coin is just hidden by the top 
eilgc of the dish. If water is then poured into the dish, the penny becomes visible, 
although the observer’s eye is still in the same place; it appears to be raised to 
Ml (fig. 26) by the water. J 

In order to trace out the behaviour of a light ray entering water, wo make 
the following experiment. A vessel partly filled with waiter has a white disc, on 
which a circle is drawn, fixed to its rear wall (fig. 27). The disc is dipped so far 
into the water that JK, the diameter of the circle, lies in the surface of the water. 
LR is at right angles to the surface of the water. If a narrow pencil of light E is 
let fall obliquely on the surface of the water in such a way that it meets the 
boundary between air and water at the centre of the circle M, the pencil splits 
np into two parts. One is reflected back in the direction MS, the other enters 
the water. The pencil entering the water, however, does not proceed in the 

* Ger., JSintrittapupilh. 

f Ger., Eintrittsluke. 

X This experiment was known to Aechimedes (died 212 b.o.). 
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original direction, but is shifted nearer to the diameter LR. ]f the direction of 
the incident pencil is altered, the direction of the pencil traversing the water is 
alvrays altennl. The customary notation for the phenomena of refraction is 
given in tig. 28. 



r ip 26 —Appjrtnt raising of an obiect Fig. 27. —Refraction and 

as a rt'buk of retraction reflection 


Reversibility of the Path of Light.—If the refracterl my of light 
entering the water at () is allowed to fall pt^pendicnlarly on a plane 
mirror in the winter so fhat the ray is reflected back into itself, this 
ray of light emerging at O is subject to a retraction away from the 
normal and of such a magnitude that it exactly coincides with the 
incident ray in the air also, i.e. returns into itself in the air also. 

If the direction of a ray of light 
in reversed, the light retraces Us 
for}Her path both in refleetion and 
refraction; or, in other words, ang 
path which is such that light can 
trareripe it can be traversed by light 
in either direction (reversibility o^ 
the path of light). 

This theorem, wdiich we as> 

Slimed in advance on p. 32, is 
only valid for geometrical optics 
under the assumptions and sim¬ 
plifications there mentioned. In 
view of this reversibility, wt. shall 
sometimes refer to both the angles i and r in fig. 28 as angles of 
refraction without distinguishing between them. 

Refractive Index.—From suitable experiments we learn that: 

(1) If a ray of light passes from air into another transparent body, 
its deviation from the original direction is greater the more obliquely 
it strikes the boundary surface. 

(2) The incident ray, the normal at the point of incidence, and the 
refracted ray all lie in one plane. 

If the angles of refraction are measured for a number of rays falling 
on the plane boimdary of a body in different directions, it is found 
that there is a definite relationship between the fjwo angles. 
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In fii!:. 27 AM is the incident ray, MB the refracted ray. If from the 
point A where the incident ray cuts the circle we draw the per¬ 
pendicular AP to the boundary surface JK and from the point B 
where the refracted ray cuts the circle we draw the perpendicular 
BQ to JK, we find that 

MP and MQ are always in the same numerical ratio, no matter what 
the magnitude of the angle of incidence is. 

When a ray of light passes from air to water, this ratio MP/MQ is 
equal to 4/3. The ratio 4/3 is (‘ailed the index of refraction or refractive 
index of water relative to air 

If, however, we take the radius of the circle as unit, MP is the sine 
of the angle MAK, i.e. is equal to sin i (fig. 28); similarly, MQ is equal 
to sin r. We have the relationship 

MP sini , 

——- — const. - 

MQ sinr 

The ratio of the sines of the angles of refraction fen' tivo given materials 
is constant."^ 

Absolute Refractive Index.-—In ordinary circumstances the ray of 
light is allowed to pass from air to some other transparent body, such 
as water or glass. If the ray of light passes from a vacmini into a trans- 
' parent body such as glass, the ratio of the sines of the angles of re¬ 
fraction differs somewhat from the value obtained when the ray of 
' ^ light passes into the body from air. The refractive index for the 
/ passage from vacuum to transparent body is termed the absolute 
I refractive index or briefly the refractive index. 

Note.-^The value obtaitunl in air is often quoted as iLe refractive index. 

The Law of Refraction.—It was shown in Vol. II (p. 219) that for 
any wave motion refraction is a p(*rfectly simple consequence of the 
varying rates of propagation of the waves. We obtained the law 
which wc have just deduced experimentally in the case of light, namely, 
that the quotient of the sines of the angles of refraction is constant 
and equal to the ratio of the velocities in the media under consideration. 
We have 

sin i V 


where v and i are the velocity and the angle of refraction in one medium^ 

* This relationship was first discovered by Snell (Willebeokd Snell van Royen, 
latinized as Snellins, a Dutchman (1581-1626)) in 1618; it was, however, not widely 
known until Descaetes pubhshed it in his Dwptric, probably independently of Snelh 
in 1637. The first attempts to deduce a law of refraction go back to Claudius Ptolb- 
Mjous of Alexandria (150 b.c.). His measurements of the angles of refraction at 
water and glass have come down to us and probably represent the most ancient physi¬ 
cal experiments recorded* historically. 
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v' and i' the corresponding quantities in the other. We may write 
this in the form 


sini 

V 


sini' , 

— j- = const. 

V 


As the paths of the light-rays are reversible, by the experiment de¬ 
scribed above, it makes no diferenee here whether the ray passes from 
medium 1 to medium 2, or from medium 2 to medium 1. If one medium 
is a vacuum, y ^ c-™ 3.10^® em./sec. We shall transform the above 
<^quation by multiplying it by r: 

^ sini ^ sini'^ 


but cjv is the ratio of the velocity of light in a vacuum to that in the 
medium xmder consideration, i.e. is equal to the absolute refractive 
index (cf. Vol. II, p. 249). If we denote the refractive index of one 
medium by /x and that of the other by /x', we have the law of refraction^ 

{jL sin i ^ p.' sin i' = const. 

That is: 

The product of the index of refraction and the sine of the angle of 
refraction is constant. 

The product /xsini is called the numerical aperture* of the ray 
relative to the normal at the point of incidence. We may therefore 
say: 

In refraction the numerical aperture relative to the noi'mal at the 
point of incidence remains constant. 

Thus the path of a light ray through the most varied media (pro¬ 
vided they are in parallel layers) may be conveniently traced merely 
by using the fact that the numerical aperture is constant. In this 
case, therefore, the numerical aperture is an optical invariant. 

The value 4/3 found by experiment (p. 52) represents the index 
of refraction of water relative to air (aPi^;). From the law of refrac¬ 
tion we have 

binia . fia ^- sini^ . /x^, 

so that 


The refractive index of one medium (e.g, water) relative to another 

* This term was introduced by E. Abbe (1840-1906), professor at Jena, one of the 
founders and subsequently the solo partner of the Carl Zeiss optical works. Not only 
did ho make important contributions to both theoretical and practical optics, but he 
was also distinguished by his social work, and unselfishly devoted his means to the 
encouragement of social and industrial reforms. 
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{e.g. air) is eqml to the raiio of thr refractive indices of the tivo media 
relative to a third {c.g. a varnum). 

'fhis enables us to transform rcfnictivo indiees measured relative to air into 
refractive indices relative to a vacuum. The refractive index ol air (at 20 O'.) 
relative to a vacuum is 1-0002S. Hence if the refractive index of a sub¬ 

stance relative to air is \i and tluit n'lative to a vacuum is [jl\ we must have 

jx — or {jl' ™ [X(jLo l-0002K(x. 

(J-o 

^I Note. -ViQ do not see an object unless it is self-luminous or rctlccts light* 
In the latter case th(^ sum of the energies of the refracted and reflected light is 
equal to the (mergy of the incident light. Thus if a ray of light falls on the boun¬ 
dary of two media which have the fforne refractive index, there is no refraction; 
the ray of light passes through without change. Hence no light is reflected at 
all, i.e. the object is invisible; for example, a thick block of glass immersed in 
cedarwood oil cannot be seen. Again, a metlK)d has recently been devised for 
making animal tissues which have been bleached by hydrogen peroxide i)erfectly 
tranRi)arent; the tissue is carefully freed of water and ('inbedded in oi\ of wint(‘r- 
green, which has the same refractive index as the tissue. The bones, or the cir¬ 
culatory system when tilled with mercurv, can be observed within the undamaged 
tissue. For the same reason the air is not as a rule visible, as the rays of light 
emitted by a source reach the eye without ehangi* of diredion. On the other 
hand, w^e can st^e air in the form of bubble.s in water or glass, because refraction 
then takes place at their boundaries. 

Values for |x.- -For rough calculations it is sufticient to note that the refractivi^ 
index of water is 4/3 and that of ordinary plate-ghiss 3/2. For more accurati' 
values see p. 1G4 and Table .T, p. 281. As a result of ideas which have now Ixi:*!! 
abandoned, the custom has arisen of calling the medium with the greater re¬ 
fractive index the optically denser medium. For the relationship between tlu' 
refractive index and the constitution of the substance and the vuiriation of the 
refractive index with the wave-length of the light .s(‘e Chap. VH, § 5, p. ib3. 
For X-rays the refractive indices of solids ar(‘ slightly less than unity (th(‘ 
difference being of the order of a millionth; p. Ifl5). 

The Deviation. —The angle through which a light ra 5 ^ is turned as a result 
of refraction is called the angle of deviation or simply ilie deviation. If tin* 
angle of incidence is i and the angle of ndraction r the deviation ^ is equal to 
i — r. 

The deviation is greater the greater the angh of incidence. 

Proof .—Since (jl sin i ~ \x' siiir, we havT sin i — sin r - ^ — (x)/jjl} sinr. Hence 



or, since i -- r 5, 

o ^ [x' — [X sinr 

2 sm ■- i--L 

2 (X cos {i ; r) 2 

As the angle i increases, r increases also, so that the numerator inereasevS, while 
the denominator co8(? -}- r)/2 decreases as i and r increase. Hence the whole 
expression on the right-hand side, and hence sinS/2 and 5 itself, increases 
with the angle of incidence. 

The Refraction Law of MAbius.*^—Let a ray of light meet the boundary of 
* A. F. MObius (1790-1868), Profe.ssor of Mathematics at Leipzig, 
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two media with refractive indices [x and fx' at A (fig. 29). Then sin i jx' sin i\ 
Let any straight lino cut the normal to the point of incidence at M, the refracted 
ray at P', and the incident ray produced at P. From the triangles MPA and 
MP'A we then have 

MP MP' 

Bini ™ suiM and sini' — r sinM. 

PA P'A 

Using the equation above we obtain 

AP MP ^ p. 

Ap'mP' fx'* 

AP Ml* 

If wo call --a double ratio, we have the 
following statement in words: 

The double ratio of the iuterrepts made on the ray by a 
straight Jhie and by the 'normal at the point of incidence 
and the intercepts made on the line by the ray and the 
normal at the point of incidence, is eqnal to the ratio of the 
refractive indices. 

Construction of the Refracted Ray.- -In order to construct the refrac ted ray 
correspondiug to a given inendent ray, wo proceed as follows. In fig. 30 00 is 
the piano boundaiy surfac^e of the rcdracting substance. A ray of light LA falls 
on the boundary at A. We draw tho normal at A and describe two circles about 
A such that the ratio of their radii is equal to the refractive index. In our figure 
the radii of the two circles are in tho ratio of 3 : 2 (j). 54). The incident ray cuts 
tho smaller circle at B. We di‘aw tho perpendicular from B to 00, cutting (fO 
at 0 and the greatcT circle at 1). If we join DA and produce it beyond A, the 
portion AG represents the path of the refracted ray. For 

ZSAL ZABC = i (the angle of incidence), 
and ZS^AG ~ ZCDA — r (tho angle of refraction). 

From tho figure we have 

AT 

sini: sinr = sinCBA : sinCDA = “ AD : AB - jfXo. 

AB AD 

If tno ray passes from glass to air, the retracted ray is obtained by starting with 
the straight line GA, finding its intersection (D) with the larger circle, dropping 
the perpendicular DC, which cuts tho smaller circle at B, and joining AB. 

Total Reflection.—From fig. 30 we see that the last construction 
is impossible unless the perpendicular from D on 00 cuts the smaller 
circle. The extreme case accordingly occurs where the perpendicular 
touches the small circle. This limiting case is illustrated separately 
in fig. 31. In this case the refracted ray travels along the surface of 
the glass. The critical angle y determining the limiting case is given 
by the relationship 



Fiff. 29 —To illustrate the 


siny = sinADE = ^ = -h 
• AD i/tij 
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As yx = 3/2 for glass relative to air, the critical angle is given by 
siny = 0*67, i.e. 42°. 


If the angle of incidence in the glass is greater than this there is 
no angle of refraction in the air corresponding to it, that is, the ray 



Fig. 30<—Construction for the refracted ray Fig. 31 .—Reiracted ray grazing the boundary 

surface 


of light cannot leave the glass. When a ray of light is incident on the 
boundary of two refracting media both refraction and reflection 
usually take place. If, however, the angle of incidence exceeds the 
oritical angle, the intensity of the refracted ray drops to zero, so 
that the reflected part of the ray possesses 
^ the whole intensity of the incident light. 

% For this reason 

I j the phenomenon is Tl TJ 

I j called total reflec- / /'/ 

S I . X\ ^ 

I I Total rejleclion 1^ XnX 1 # ^ H 

_ _ IX. - variably occurs 

1 i when a ray of light 

_ from an optically 

I) jJ: ) denser medium is 

/yXl ^ incident on the 

c J boundary surf ace of ^ ^ , 

^ an OptlCatty less apparatus in fig. 32 

^ ^ I dense medium at 

1 ig 32 —Gnmsehi’s r«frac- angle exceeding the critical angle of total re- 

tion apparatus flectiou determined by the equation sin y — 1 /j/io. 


1 Ig 32 -—Gnmsehi’s refrac¬ 
tion apparatus 




fig- 33 —Front view ot pait ot the 
apparatus in fig. 32 


If we look obliquely upwards at the horizontal surface of water in a glass, the 
occurrence of total reflection is signalized by the peculiarly intense reflection, 
which is as bright as if the light were being reflect^ by a polished silver plate. 

The behaviour of a ray of light which passes from an optically denser medium 
ithrough the boundary surface of an optically less dense medium may be demon- 
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fltrated by the apparatus shown in vertical section in fig. 32. Fig. 33 shows the 
phenomena observed. A glass tank W filled with water contains a sheet of metal 
Sc, which has its front painted white and is provided with a cylindrical side 
chamber of metal, C. To the bottom of the latter there is screwed a polished 
metal cone K whose axial section is a right-angled isosceles triangle. The cone 
acts as a mirror. A pencil of parallel rays S emitted by an arc lamp L falls on the 
vertex and curved surface of the cone, and as a result of reflection is transformed 
into a pencil of rays starting from the axis of the cone. The rays of light now 
emerge in all directions from a number of openings in the top of the cylindrical 
side-chamber and fall on the white screen. The central ray, which meets the 
surface of the water at right angles, passes through the surface without refraction, 
while the other rays are subdivide into a reflected ray and a refracted ray. 
(For four of the pencils in fig. 33 the reflected part has not been drawn.) The 
outermost rays, which meet the boundary surface at an angle which is greater 
than the critical angle of total reflection, are totally reflected. 

The fact that refraction out of the optically denser medium can 



Figs. 34, 35.—Pencils of rays emerging from an optically denser medium 


may readily bo deduced from the fundamental equation ^ sin i == 
fi sin i\ If \i !the greatest value of ju' sini' is [jl, as sin i cannot exceed 
unity. In this limiting case sin i ~ and i 90°. The ray inclined 
at the angle i' in the optically denser 
UK^dium therefore grazes the boundary 
of the two media after refraction. The 
value of i' for which this takes place 
ib the critical angle. If i' exceeds the 
value corresponding to this case, the 
fundamental equation can no longer be 
satisfied and it loses any physical mean¬ 
ing; that is, there is no refraction. 

The ray is then totally reflected. 

Aperture of a Pencil of Rays emerging from an Optically Denser Medium. 

—In connexion with a largo number of optical problems, such as the brightness 
of images, the resolving power, and the depth of focus of the microscope, the 
following question is of importance: w^hat is the maximum aperture of a pencil 
of rays which can pass from a luminous point in medium 1 to medium 2 across 
a plane boundary? Figs. 34-36 show the paths of the rays for some cases which 
are important in practice (the value of jx for the plate is 1‘515). If the upper 
medium is air, a pencil of rays w hoso outermost ray makes an angle of 4F 30' 
with the normal at the point of incidence can emerge from the low’^er medium; 


A 



Fig 36.—A pencil of rays pvissmg 
through two media \Mth the same 
refractive indev 
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if tlio upper medium is water, the angle is 6L 30', and if the medium is oil with 
the same refractive index as the plate, it is 90'\ In the figures only the right* 
hand half of the pencil is shown: the complete conical pencil of rays is to be 
imagined as formed by rotation about the line AA'. The maximum numerical 
apertures, namely, those of the outermost ravs emerging from the lower medium, 
an* l-ol5.8m4L 30'== 1, 1*516 . siiiOr 30'= 1*33, and 1*515 . sinOO -- 1*515 
respectively, that is, equal to the refractive indices of the optically less dense 
me lia into which the rays emerge. 


The Totally-reflecting Prism.—Total reflection is frequently 
utilized in order to bend a light ray through a right angle. This is 
done by means of a right-angled isosceles prism ((ig. 37). The liglit 
enters the prism at right angles to a side face and is totally reflected 



Fig. 37.*—Totally- 
reflecting prism 


at the hypotenuse, as the angle of total reflection 
for glass relative to air is less than 46 . The liglit 
emerges at right angles to the other side lace. 
That is, the totally-reflecting prism is a substitute 
for reflection at a plane mirror at an angle of 45 , 
compared with which it possesses the advantage 
that clear and very bright images are obtained 
owing to the avoidan(‘e of repeated reflection. By 
reflection at the side faces (indicated by dotted lines 


in fig. 22, p, 134) the ray may be bent through 180 . 

Path of the Energy in Total Reflection. For Newton the existence 


of total reflection was a weighty reason against the wave theory of 
light, as he quite correctly showed that on this theory it should be 
possible to detect a wave motion even beyond the boundary of the 
optically denser medium. As we now know, the explanation of its 
non-apj)earance lies in the interference of the waves which pass into 
the optically less dense medium. The (uiergy flow in the ojiticaily less 
dense medium at the boundary is accordingly purely tangential (on the 
average), i.e. along the boundary surface. Nevertheless, it extends 
into the optically less dense medium in a layer one wave-length thick'. 
That is, the wave motion breaks down into a sort of “surf ”, but in 
such a "way that the energy passes back entirely into the optically 
denser medium near the boundary. 


According to Berek the existence of wave motion in thi* optically less dense 
medium may be demonstrated very beautifully by covering the boundary vith 
a layer of liquid containing small suspended particles. If we let a pencil of light 
fall on the boundary from below at an angle exceeding the critical angle and 
examine the boundary layer with a microscope, we see that the particles close 
to it diffract the light and are visible as glittering points on a dark ground in 
virtue of their Brownian movement. 

For the relationship between the intensities of the refracted and reflected 
light and the angle of incidence, sec p. 12, fig. 228, 
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6. Applications of the Law of Refraction to Solids with 
Plane Boundaries. 

Plate bounded by Parallel Planes.—The shading in fig. 38 represent^ 
a section through a tran»])arent plate (say of glass) bounded by two 
parallel planes. A ray ol light LA travelling through the air meets 
the up})er surface of the plate at the angle i and is refracted toward'^ 
the normal at the point of incidence, the angle of refraction in the 
glass being r. The ray of light then travels 
on in a straight line and meets the lower 
surface of the plate at R; the angle of 
iiK'idimce (in the glass) is equal to r, owing 
to the two surfaces being parallel. On 
emeri^iug into the air the ray is refracted 
away horn the normal, the angle of relrac- 
tion (in the air) being equal to i, the 
oiiginal angle of incidence. 

This f()llow^s immediately from the law 
of relmction, as ow ing to the surfaces being 
paiallei /xsiii / is an invariant for the ray 
(]) 53). That is, the ray of light is merely 
dis})]are(l to one side. 

Tlu‘ di&pIa(Ximent (v) is greater the greater the thk'kness of the glass plate (d) 
and tlie gieater the angle of incidence (/). The eonstruction indicated by the 
dotted lines in the figure enables us to show that 

— r)/cosr. 

The eifcct of a flat plate on a ray of light may bo very well observed by leading 
a })eiKil of light rays obliquely upwards (fig. 30, Plate III) through a glass trough 
full of w'ater and having a sheet of plate-glass for its bottom. If the pencil of light 
rays is so ananged that part travels through the water and the remainder out¬ 
side, the magnitude of the parallel displacement is also apparent. 

Prisms. Deficiti(ms.--An optical prism (fig. 40) is a transparent 
body, tw^o of whose boundaries are planes inclined at an angle to 
one another. The nature of tlie remaining parts of the boundary is 
of no consequence in connexion with the action of the optical prism. 
The angle W included by the two boundary planes is called the re¬ 
fracting angle or simply the angle of the prism, and the edge AB along 
which the two planes meet is called the refracting edge. To find the 
refracting angle and the refracting edge of a prism, it may be necessarv 
to imagine the refracting planes produced. A plane meeting the prisin 
at right angles to the refracting edge is called a principal section. 

The principal section meets the refracting planes in straight lines whose 
intersection is that of the principal section with the refracting edge. A perj)eu- 
dicular to the refracting plane at any point of these straight linos lies wholly 



Fig 3S. — Parallel displacement 
due to a plate bounded bv paiallei 
planes 
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within the principal section. A ray of light incident in the principal section on 
the refracting plane remains in the principal section after refraction (fig. 41). 

Path of the Rays in the Principal Section. —In what follows wo 
consider only the path of the rays in the principal section shown in 
hg. 41. When a ray of light passes from air into a glass prism the 
ray is bent towards the normal. It then travels on in a straight line 
in the glass imtil it reaches the second refracting plane; here it is 
again refracted, away from the normal. As a result of this repeated 
refraction the ray is subject to a change of direction or deviation. 



The deviation S is the angle which the incident light ray produced 
makes with the refracted ray produced backwards. If, as is almost 
always the case, the refractive index of the substance of which the 
prism is made exceeds that of the surroundings, the ray is bent away 
from the edge of the prism. 

Using the notation of fig. 41, we have 

S = ^3^ — + H ~ ^2 ® ~ 

whence 8 = + L — a. 

The magnitude of the deviation 8 therefore depends on the angles 
and 4 and the refracting angle of the prism (a). 

Minimum Deviation.— The deviation caused by the prism is least 
when ii 4? other words, minimum deviation occurs when the 

path of the ray is symmetrical. 

Proof. —(1) We assume that ii ]> i.e. that ii — ^ 0. Adding the two 

equations sin^'i ~ p sinri and sinig = (J- sinrg, we have 

sin^i + sinig = p (sinri + sinrg). 

Hence, by transformation, 

2 sin4- ig) coslii^ — i^) = 2 p8m| (r^ + rf) cosJ(fj — r^). 


and, as 

ri + rj = a. 


nin*! + 4 ,, cos(ri - fj)/2 

2 2 cos(»i — ii)l2 

But if 

k > h> h —n> *2 - »‘2 (p- 54), 

60 that 

1 

A 

1 
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Since the cosine of an angle diminishes as the angle increases, we have 

cos — ra) > cos J (ii — 4), 

i.e. cos(yi - ra)/2 

co»(ij — i^)l‘2 ' 

The upper sign applies ■v\ hen and the sign of equality when ?! u» 

Hence the smallest possible value of the above quotient occurs when ~ u. 
In this case we may put =■ 4 -= ‘h then the expression for sin h{ii -f- wliich 
determines B (see above), also reaches its minimum, namely, sini= (x sin a/2. 

(2) If we assume that ^ ?o, we have C ~ u 0, i.e. 0. The 

reasoning is the same as in (1), 
except that — i^) t '' ~ 

Both values, however, are negative; 
as regards absolute value, there¬ 
fore, the difference of the angles 
of incidence exceeds that of the 
angles of refraction. The quotient 
cos 4 (?*! - u )/cos I (— 4) involves 
the abvSulutc values of the angles 
only, as the cosine of a negative 
angle is equal to that of the positive 
angle of the same magnitude. 

Hence in this case also w'c have 

cos(ri - >-a)/2 ^ 
cos'(ii — t2)/2 '' 

whence it again follows that the 
deviation is a minimum for — /_>. 

The occurrence of minimum 
deviation Avhen the path of the 
light ray is symmetrical may bo 
demonstrated by experiment in i ho 
following wa\. 

We use a prism wliose prin¬ 
cipal section is an equilateral 
triangle and Avhose third face 
is also polished (fig. 42). If a parallel pencil of light is allowed to fall on the 
prism, part of the pencil is refiectod from the third face (as shown by dotted 
lines in the figure), while another part is deviated by refraction at the two other 
faces (as showm by continuous Lines in the figure). If the prism is now slowly 
rotated from position I to position II and position HI, we find that the refracted 
part of the pencil is least deviated at the instant when it emerges parallel to the 
reflected part of the pencil; now this position is characterized by symmetry of 
the path of the ray. 

Determination of the Refractive Index from the Minimum Devia¬ 
tion.—It is possible to make very accurate observations of the minimum 
deviation. We measure the minimum deviation (S) and the refracting 
angle of the prism (a); the reflecting goniometer (fig. 3, Plate III) 
may be used for both purposes. By p. 61 we have i = ^(S + a) and 
r = |a for the case where the path of the ray is symmetrical, so that 



Fig. 42.—Minimum deviation occurs when the path 
of the ray is symmetrical 
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sin i — sin |(S + a) and sin r = sin Ja. Dividing and using the egua- 
tion sin 7/sin r = /i, we obtain 

sin ^ (S + tt) 

^ sin I a 

for the refractive index. 

Deviation by Prisms with a very small Befiaoting Angle.—If the refracting 
angle of a prism is very small, ^ will also bo very small, by the above equation. 
Hence we may replace the sine by the angle itself (in radians). Then 

whence we have ((ji-- l)a . 

ff the prism is embedded in a medium of refractive index instead of in air, 
we have to replace jx by the ratio [x/jXj, by p. 53, and the corresponding formula is 

1^1 


In view of the method by which they have been derived these equations aie 
true only when the path of the light is symmetrical, that is, only for small angles 
of incidence, since i (3 -|- a)/2. If the angle oi incidence is arbitrary and we 
l)(‘ar in mind that 1 | ^ I ^ h I I ^ I ^2 I ^ ^ > further, that 3, a, and 

r a fire small and that (as is showm by a figure like fig. 41 drawm for a small 
value of a) /g and have the opposite signs to ^ and for fairly largo angles 
of incidence, we obtain by differentiation of sin i =~ jx sin r the expression 


Ai - 


cos r . 

IX-. Ar - 

COK^ 


cosr 
JX ~a, 
cos i 


wdienco 


\ cos* / 


COS>' 

JX - . - |Xi 

cosx 

• " ■'■■■ G 


When cos r/cos i 1, therefore, the deviation is independent of the angle of 
incidence. 



CHAPTER IV 


Geometrical Optics: Lenses 

1. Refraction by Convergent (Convex) Lenses. 

Lenses.—A bpliencaJ Jens (fig. 1) is a body consisting of some 
transparent material wliicli js bounded by two spherical surfaces, 
li tlie lens is thicker in the centre than at the edge it called a convex 



1 jg I — /icon\tx lens 


l^iih. Mj and M 2 , the centres 01 tee spheres of w^hich the surfaces of 
the lens form part, are called th(‘ centres of curvature, and and 
the radii of the spheres, are called the radii of curvature. The line 
joining the centres of curvature is called the principal axis of the lens. 



Observed Facts.—Observation shows that a convex lens renders 
a parallel pencil of rays convergent (fig. 2). The point ^vhere the rays 
meet is called the focus (F). The fact that even divergent rays may 
be made to converge by means of the convex lens follow^s from the 
fact that the convex lens can produce real images of objects situated 
at a finite distance. 

Mode of Action of a Lens .—In order to see how a convex lens acts, we set 
lip the apparatus shown in fig. 3, Plate IV. 

Three dishes full of water are placeci one on top of the other; the centre one 
represents a plate bounded by parallel planes, the two others being prism-shaped. 
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If throo parallel pencils of rays are allowed to fall on the dishes, the centre penc il 
passes through without change in direction, while the upper is deviated down¬ 
wards and the lower is deviated upwards. The three pencils of rays meet at some* 
distance behind the glass dishes. 

If instead of the three prism-shaped dishes we sot up a large number of sinaJl 
j)rism8, of which the outer ones have a larger refracting angle than the innt‘i 
ones (fig. 4), each prism deviates the incident rays away from its refracting edge, 
and m fact the outer ones do so to a greater extent than the inner ones. All tbr 
rays may bo made to meet at one point behind the apparatus. By increasing 
the number of prisms, we obtain a glass body with curved convex surfaces on 
either side. If the boundary surfaces are portions of a sphere, the body a 
spherical convex lens. 

Formation of an Image by a Spherical Refracting Surface. Suppoi^(‘ 
that two media with refractive indices /x and fx' are separated by a 
spherical surface (fig. 5). A light ray is incident on the refracting 


A 

/CM 

lU liS 

r:i ’) 
r 

IMT/ 

V 

Fiif. 4 —Lcit? re^rarded 
ai3 made up of prisms 



Fifir. To illastrafc reftaction at a spherical surface 


surface at A in the direction AP; let it be refracted in the direction 
AP'. IS is the pole of the refracting surface, M its centre of curvature, 
and SM — AM “ r its radius. Then SM is called the principal axis of 
the spherical refracting surface. The intercepts SP u and SP' c 
made by the incident and refracted rays on the principal axis aiul 
also the radius of curvature SM are to be measured positive from S to 
the right (in the direction of the light; see p. 40). 

We no^y apply M()biiis’ theorem (p. 55) to fig. 5. We then have 

AF' ‘ MP' /a'* 

Limitation to Rays near the Axis .—Suppose that a pencil of rays all 
making a very small angle APS with the principal axis SM falls on the 
refracting surface, i.e. let A be very close to the pole S (p. 40), Then 
we may replace AP by SP (= u) and AP' by SP' (== v) in the above 
equation. If we put MP - SP - SM - t/. r and MP' = SP' --- SM 
== V — r, we have 
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This may be transformed into the fundamental equation for 
refraction at a spherical surface. 



1\ 

— n' f- — 


\r 

uJ 


v) 


This expression is an invariant (the so-called invariant of the surface 
for axial rays). 

The equation may also Ijc written in the form 
V H ^ r * 


Refractive Power.—The expression (/x' — /Lt)/r is called the refrac¬ 
tive 'power of the surface. Its unit is called the dioptre. Here r is to 



Fig. 6.—Path of the rays for a convexo-concave lens 

Si and Sa are the points vlicrc the principal axis meets the lens, Mi and Ms the centres of curva- 
tuic of its surtaces; p is the (\'irtual) object, P' the image formed by the front surface and Pi the 
image formed by the lens as a whole. 


lie measured in metres; a surface accordingly has a power of ont^ 
diof)trc if the difference of the refractive indices on the two sides of 
the surface is equal to the radius of curvature expressed in metres. 

Formation of an Image.—The above equation connecting u and 
V is independent of the inclinations of the incident and refractive rays 
to the axis. All the incident rays directed towards P which satisfy 
the limitation stated at the beginning of the discussion will accordingly 
pass through P'. P' is therefore the (real) image of the (virtual) 
object P. The fundamental equation stated above accordingly gives 
the relationship between the positions of the object and the image. 

If the first medium is air, jx ~ 1, and the equation takes the form 




(a) 


if, on the other hand, the second medium is air, p.' = 1, and the equation takes 
the form 


1 

V u 


tf + i; 


(&) 


Formation of an Image by a Lens (fig, 6).~ 

(Kei8) 


-Let the principal axis 
6 
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of the lens meet the spherical surfaces at Sj and Sg. Let there be air 
to the left of and to the right of Sg and let the refractive index of 
the lens be jx. P is the virtual object relative to the front surface, 
i.e. relative to the lens; P' is the image which would be produ(*-ed by 
this surface alone if the medium behind it were of refractive index (jl. 
We then have the fundamental equation 

^ , fizz} 

SiP' ■ SiP ^ ‘ 

For the second surface P' is the object; P^ is the image of it formed 
by the second surface and hence the image of P formed by the lens 
as a whole. We have 


1 , 1 — P- 

S^Pr K,P'^ 


Further, let 8 ^ 82 , the thickness of the lens, be d, and let S^Mi “ r^, 
S 2 M 2 = r 2 > ® 2 Pi = Then addition of the two equations 

gives 


1 , _ 

V ' Kr-\-d 




Limitation to Infinitely Thin (Ideal) Lenses.—If d is vanishingly 
small compared with S 2 P', we obtain the object-image equation for a 
thin lens, 


1 

V 



In this equation, by the method of derivation and the sign con¬ 
vention adopted (see above) u is negative for a real object, positive for 
a virtml object. On the other hand, v is positive for a real image, 
negative for a virtual image. 

For the so-called bi-conoex lens (fig. 1), ^2 is negative, as the centre of curvature 
lies to the left of the lens. A lens for which is infinite and the centre of curvature 
of the second surface is to the left of the lens, is called a plano-convex lens. A lens 
like that shown in fig, 6, in which the centres of curvature of both surfaces lie to 
the right of the first surface and > r^, is called a conmxo-comave * lens or 
^nenisem.^ 


Foci of a Lens.—The point where parallel rays falling on the lens 
are reunited is called the focus. Its distance from the lens is called 
the focal length of the lens; we shall denote it by/^. When u is infinite, 

* [The surfaces of the lens are referred to in the order in which the light reaches 
them.] 

t Gr., mhiiskos, little moon, a diminutive of mmc, the moon; i.e. here meaning with 
a cross-section shaped like a new moon. 
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« — fy Substituting these values in the equation above, we have 

fi V 

or /j-_-. 

(H - 1) (^2 - ri) 

If V is infinite, we obtain a value for u which we shall denote by 
"“/i- That is, a lens (in contradistinction to a concave mirror) 
possesses two distinct foci; one, the first principal focus, lies to the 
left of the lens, while the other, the second principal focus, lies to the 
right of the lens (at a distance equal to the focal length/i). The two 
local lengths are equal and of opposite sign. 

If we substitute the focal length /j in the object-image equation, 
it takes the form 

11,1 

v\hicli is the same as that whi('h we obtained for the concave mirror. 


The Convergence Equation. —Accordingly D“ l//i is tho retractive power 
of the ]en‘=i. Just as in the case of the concave mirror (p. 42) we may call U (=• 1/m) 
and V (— 1//;) the convergence of the object and the convergence oj Ike image, both 
ix'ing measured m dioptres. We then have V ’ U i I), that is, the convergence of 
the imago is the sum of the convcrgeuco of the object and tho power of the Jens. 

In the particular case where the tuo radii of curvature of the Jens are equal 
and opposite (we then put r — rj - r,) and the ions is composed of gJass of 


It tractive index yL = J/2, we have fi 


J _ 

3/2 - r 2r 


r (Keclee). 


Hence a 


Jons of this glass with radii of curvature 1 metre has a power of 1 dioptre. 


Newton’s Form of the Equation. -If we rejilace tho distances 
u and V in the equation 1 /v 1 ju + 3 Ifi by the expressions u -- g—fi 
and where (j, fe, are tho focal disfances (measured from 

the appropriate foci (fig. 8)), the lens formula becomes 

which is Newton’s form of the object-image relationship. 

These equations may be interpreted and illustrated graphically, 
just as was done on p. 43 for the concave mirror. 

Subsidiary Axes. —Our deduction of the equation for a thin hms is 
subject to the proviso that the dimensions of the lens must be small 
in comparison with the distances measured along the principal axis, 
so that any rays not in the direction of the principal axis are inclined 
to it at a small angle only. 

For prisms with a small angle and small angles of incidence, the 
deviation of a ray is independent of the angle of incidence (p. 62). 
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Hence if we allow a pencil of parallel rays inclined at a small angle to 
the principal axis to fall on a lens of small curvature, these parallel 



rays are also reunited in one point behind the convex lens, A straight 
line inclined to the principal axis and passing through 0, the centre 
of the lens, may be called a subsidiary axis. (In %. 7 HH is the principal 
axis, NN a subsidiary axis.) The point where the rays parallel to the 
subsidiary axis are reunited is the point F', which must lie on the 
subsidiary axis itself, as (apart from the parallel displacement, which 
owing to the infinitesimal thickness of the lens is infinitesimal) the 
direction of the axis is not changed in traversing the lens. F' lies as 



Fig. 8.—Object plane and image plane 


far behind the lens on the subsidiary axis as F does on the principal 
axis; hence we obtain the position of F' by imagining the principal 
axis, together with all the points lying on it, rotated about 0, the 
centre of the lens. FF' is a small circular arc, which in view of our 
proviso may be imagined as replaced by a straight line perpendicular 
to the principal axis. Any subsidiary axis behaves in the same way 
as that drawn in the figure; that is, for every subsidiary axis there is 
a focus (one on each side of the lens), to which all rays parallel to the 
subsidiary axis converge after passing through the lens. All these 
foci lie on a plane through F at right angles to the principal axis. 
This plane is called a focal plane of the lens. 

In the following figures the dimensions of breadth have been considerably 
exaggerated in comparison with the dimensions of length, as otherwise the figures 
could not be made clear in the space available. As a result the angles at which 
the subsidiary axes as drawn are inclined to the principal axis also appear too 
large. Hence the errors which according to our proviso are to be neglected are 
more marked than when thin lenses are actually in use. Similarly, the focal 
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planes, which we shall always indicate by dotted lines, are shown to far too great 
an extent. In the actual use of lenses it is only the central part of the focal planes 
til at is of any importance. In future, moreover, we shall always represent a lens 
as in fig. 8, by a line perpendicular to the principal axis, with shaded arcs at the 
b)p and bottom to make the nature of the Jens clear. 


Just as there are two foci and P 2 on the principal axis HH 
<fig. 8) and every point source of light or point object 6 has its image- 
point B, at which the rays of light starting from G converge after 
passing through the lens, so every subsidiary axis has corresponding 
loci, object-points, and image-points. These are obtained by rotating 
the principal axis about 0, the centre of the lens, until it occupies 
the position of the subsidiary axis. The arcs GG' and BB' formed in 
this rotation may again be regarded as straight lines at right angles 
to the principal axis; wc accordingly call the plane at right angles to 
the principal axis and passing through G the object plane and that 



Fig. 9 —Construction for the image formed by a lens 


passing through B the image plane. The region, starting from the lens, 
in which the object is situated is called the object space and the region 
in which the image lies the image space. 

The focal plane on the right, which passes through belongs to 
the object space on the left, and the focal plane on the left, which 
passes through Fg, belongs to the image space on the right. 

Linear Magnification.- The ratio m ~ BB'/GG' (fig. 8) is called 
the linear* lateral magnification. Now BB'/GG'OB/OG -vju. 
Hence the linear magnification m is equal to vju, i.e. equal to the ratio 
of the distances of the image and the object from the lens. 

Construction for the Image formed by a Lens. —A luminous point G lies on 
the principal axis HH (fig. 9) of the convex lens O with the focal planes F,Fi 
and FgFg. An arbitrary ray starting from G meets the lens at P. We draw the 
subsidiary axis NN parallel to PG, cutting the focal plane FiF^ in Q. As after 
refraction the ray GP parallel to the subsidiary axis intersects this axis in the focal 
plane in the imago space, the refracted ray must travel from P through Q; let 
it cut the principal axis at B, Any other ray starting from Q will behave in the 
same way; B is therefore the real image of G. 

* To distinguish it from the magnification of area, which is equal to the square of 
the linear magnification (p. 96). 
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Note. “As GP is parallel to OQ, we have GP/OQ = GB/OB. If OG = 
OB = V, and the focal distance OQ ~/i, GO = — OG and wc accord- 



Fig. 10.—Another method of constructing the im-ige 


ingly have the equation —w//i -==(—« -r v)lv. By transformation we have 
1/v — 1/w + l//i (p. 67). That is, the construction is consistent with th^' object- 
imago formula. 

Fig. 10 gives another construction for the image. A ray GP starting from G 
cuts the focal plane F 2 F 2 in the object space at K, so that after traversing the 
lens it moves parallel to the subsidiary axis NN which passes through R. We 
accordingly draw the subsidiary axis NN through K and 0 and through P draw 
the parallel to NN; this is the refracted ray, which cuts the principal axis HH 
at B. B is the real image of G. 

Note .—^As RO is parallel to PB, w^e have WO PB — GO/GB; hence, as 



Fig. 11.—Another method oi constructing the image 


RO = —'OR “/i, w^e liave/i/?;— -?//(—'it + v). On transformation 
this again yields the equation 1/c - 1/a -\- 1/fj. 

Ck)mbming the constructions of tigs. 7 and 10, wo obtain fig. 11, from which 
wo see that the triangles GRO and OQB are similar. Hence the construction may 
also be carried out as follows. 

Let any ray GP cut F 2 F 2 at R. Join RO, draw through 0 the straight line 
OQ parallel to GP cutting FiFj at Q, and finally draw^ QB parallel to RO. Then 
B is the image of G. 

Nole.--AB the triangles GKO and OQB are similar, 

GR^ OQ 
RO QB' 

If in due agreement with the previous notation we denote the distance of the 
object from the focal plane FgFg by g and the distance of the image from the 
focal plane PiFi by b, the above statement of proportion becomes 

- 

fi b 
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or gb=-fy\ 

which is Newton’s form of the equation for a thin lens. 

We see at once from the completed figures that if G coincides with the focus. 



Fig. 12.—Object at the focus 


the refracted ray must leave the lens parallel to the principal axis, for in this 
case GPQO is a parallelogram (fig, 12). 

Further, it foliovva immediately that if G moves to a position between the 



Fig. 13 —Object nearer the lens than the focus 


focus and the lens, the refracted ray as it leaves the lens must diverge from the 
principal axis, for in this case GP ^ OQ (fig. 13). Now as GP is parallel to 
OQ, the two straight lines GO and PQ joining their extremities must intersect 
to the left of G. The point of intersection B must lie on the backward 
prolongation of the ray PQ leaving the lens; that is, B is a virtual image of G. 



Fig. 14.—Measurement of the radius of curvature of a lens 


Optiqal Method for Measuring the Radius of Curvature of a Convergent Lens.-— 

Two sources of light approximating as nearly as possible to point sources, e.g. 
two small electric lamps G and G', are set up on a stand at a definite distance 
{m) apart (fig. 14). The lens LL', whose radius of curvature is to be measured, is 
set up vertically at some distance away (its distance from the stand being x). 
The stand carrying the lamps is at right angles to the principal axis of the lens. 
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The front surface of the convergent lens acts as a convex mirror and produces two 
images B, B" of the two point sources of light, at a distance of y behind the lens. 
If X and y could be measured, r, the radius of curvature of the front surface of 
the lens, could be calculated from the equation for a convex mirror (p. 47), which is 

1 _ 1 „ 2 . 

y .r r’ 

//, however, is not accessible to direct measurement. We therefore set u}) a small 
scale MM' just in front of the burfaee of the lens and observe the apparent magm« 
tilde CC' ( = 7i) of the interval BB' ( p) on the scale, possibly with the aid of a 
telescope (p. 129) set up so that the eyepiece is between G and G'. GG', the size 
of the object, BB', the size of the image, and their distances x and y from the lens 
iiro connected by the relationship which hohls for all mirrors and lenses (see e.g. 
p. 69), 

Size of object _ Distance of object 
Size of image Distance of image* 


so that 

or 


BB' y 
in _ _x 

p y 


We do not, however, observe the size of the imago, directly, but only its 
projection CC' (n) on the scale MM' placed immediately in front of the lens. 
(If a telescope is used, the centre of projection is the “ exit pupil ” of the telesco]je, 
i.c. the image of the objective produced by the eyepiece, by p. 130). By geometry 
we have 

P, ?/) _ 

-X 


Eliminating y and p by usiug the ('quatioiis 

1^1 2 

X ' y r 


wo obtain 


m _ _x 

HI — 2n 


the quantities w, n, and x can be measured. 


2. Divergent (Concave) Lenses. 

If the centre of a spherical lens (i.e, a lens bounded by spherical 
surfaces) is thinner than the sides, the lens is called a concave lens. 
In general it acts as a divergent lens (in this connexion see p. 89). 

We shall confine our attention to ideal concave lenses, i.e. to lenses 
of infinitesimal thickness, and shall deal only with axial rays, i.e. 
rays inclined at such a small angle to the axis that the angle in radian 
measure, its sine, and its tangent are interchangeable. 

Observation shows (fig. 15) that parallel rays of light (e.g. smilight) 
incident on the lens in the direction of the principal axis diverge as 
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a result of refraction by the lens in such a way that their backward 
prolongations pass through one point on the principal axis. The 
rays accordingly appear to diverge from this point, which is called the 
(virtual) focus of the concave lens; its distance from the lens is called 
the focal length and is to be reckoned negative (i.e. of the opposite 
sign to that for the convex lens) as it lies on the same side of the lens 
as the source of the rays. 

The formation of an image by a concave lens takes place entirc'ly 
a('cording to the laws which we already know, for the process depends 
on the formation of images by two successive spherical surfaces 
(]). 64). Hence the equation 
giving the relationship be¬ 
tween the positions of the 
image and object for the 
concave lens will follow in 
exactly the same way as 
that for the convex lens. 

Whether we are dealing with a convex lens or a concave lens is 
determined merely by the sign of the focal length. For the convex 
lens we obtained 



Fig. IS.—Divergent (bi-concavc) lens 


7 (m 

Jl 




(]x 67. If > rg, i.e. if the first surface of the lens (moving from 
left to right) has a smaller curvature than the second surface, is 
negative; the second focus becomes virtual and the lens is a divergent 
lens. 


If the two centres of curvature lie on the same side of 0. i.e. if the curvatures 
have the same sign, the lens is said to be concavo-convex (a meniscus, cf. p. 66); 
if is infinite, so that the first surface of the lens is plane, and rg is positive, the 
lens is said to be j)lano-concave; finally, if r-i is positive and rg is negative, so that 
the centre of curvature of the first surface lies in front of the lens and the centre 
of curvature of the second surface lies behind it, the lens is said to be hi-concave 
(fig. 15). 

In the equation 

^ ^ fi 

which is also true for the concave lens,accordingly has a negative 
value. 

Owing to this negative value of/i, a negative value of v corresponds 
to any real object-point, as then u has a negative value. Hence v is 
less than/i in absolute value. 

In the case of a concave lens, any real object gives rise to a virtual 
image nearer the lens than the focus. 
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The construction of the imago of a pr>int source G is obvious from fig. 16* 
Let (I be a point on the principal axis JIH of the concave lens situated at O, and 
lot and FaFj be the foca] planes of the lens. It is to be noted that the focal 
plane of a divergent lens corresponding to the rays falling on the lens from a 
certain side lies on the side from which the rays approach. Let any ray starting 
from (1 meet the lens at P. Parallel to GP we draw the subsidiary axis NN cutting 
the focal plane F^Fi at Q. The ray GP parallel to the snbsidiar\^ axis NN lca\ 



Fig. i6.—Construction for the image formed by a concave lens 


the lens in such a direction that it appears to come from Q. We draw QP and 
produce it beyond P to obtain the subsequent direction of tlie light ray, PD. 
B, the point where QP meets the principal axis HH, is the virtual image ol G. 

3. Image, formed by a Spherical Surface, of a Point on its 
Axis. 

Optical Systems. —In the previous sections we have deduced the 
])ath of a ray tlirough a single lens imder the assumption that the 
lens is very thin and hence that the theorems about the refraction of 
light in a prism of small angle may be used. We have also assumed 
that the lens is bounded by air on either side. In actual fact, however, 
lenses are not extremely thin; moreover, they often consist of a number 
of substances with differing refractive indices, a number of lenses are 
frequently combined to form a single optical system, and, finally, 
the path of the ray may begin and end in substances of differing 
refractive index. 

Fundamental Equations for a Refracting Spherical Surface.- -In 

order to trace out the paths of the rays through a system of refracting 
surfaces, we go back to the fundamental equation for refraction at a 
spherical surface, which we deduced on p. 65: 



If r is infinite, v = That is, if we look perpendicularly (or nearly so) 

at a plane refracting surface, an object lying at a distance u behind the refracting 
surface appears to be brought nearer, to the distance j\x. In practical cases 
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(x' is usually equal to unity; thus, for example, the bed of a stream or lake appears 
raised, the ratio of tho true depth to the apparent depth being equal to the re¬ 
fractive index of water {vju -= l/[x — i (p. 52)). This properly may bo utilized 
to measure refractive indices. H 


(o.g. in air) we observe a tine 
mark on the upper side of a plate 
bounded by parallel planes, of 
refractive index p. and thickness 
by means of a microscope, and 
then lo-wer the microscope tiirough 
the distance i\ until it is sharply 
focused on a mark on the lower 
surface of the plate, then p -- ujv. 



Focal Lengths. —The object-point corresponding to an infinitely 
distant image (t;= oo) is called the focus in the object space or first 
principal focus. In future we shall denote it by F (fig. 17). Its distance 
from the first surface of the optical system we shall call the focal 
length in the object space or first focal length. This we shall denote 
by /. If we put t/. =/ and oo in the fmidamental equation, wo 
have 



that the focus F lies to the 

left of the refracting surface, in the medium of refractive index /a. 

If P (fig. 18) moves to an infinite distance, ~oo, so that the 
second term of the fundamental equation vanishes. The position 
which the image-point P' then takes up is called the focus in the 
image space or second principal focus; we denote it by F' and call its 
distance from S (fig, 18) the focal length in the image space, or second 
focal length; this we shall denote by/'. We obtain this focal length 
by putting u — —co and = in the fundamental equation. We 
thus obtain 

/' r ’ 

SO that f' ~ - r - - - . 

^ (X ' » jx 


As this value is positive, the second focus lies in the second medium, 
which has the refractive index /a'. 

If we divide all the terms of the fundamental equation by (/x' — /Lt)/r 
it becomes 

/xr 1 ! 

/x' — fX * V fjf — fJi U 
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Inserting the values for f and/' in this expression, we obtain 

U V 

If w < /, tho first term is greater than the right-hand side, and the second 
t(‘rm must be negative. It follows that v must be negative, i.c. that tho image- 
point must lie to tho left of S, i.e. in the first medium. This is only possible if 
the rays starting from the object diverge after refraction by the spherical surface. 
Hence in this case the image is virtual (fig. 16). 

The Ratio of the Focal Lengths. —Forming the quotient of the 
expressions for/and/', we obtain the equation 

r 

The absolute values of the 
two focal lengths of the spheri- 
' cal refracting surface are in the 

Fig. IQ.— To illustrate Newton's fonn of the fiinda- ^atio of the refractivo indicCS of 
menul equation for a spherical refracting surface ^he media Separated by the 

spherical surface. 

The fundamental equations in the form deduced possess general validity, 
no matter what tho position of the points involved. They also hold for the case 
where the cen/re of curvature of the sphere lies to the left of the refracting surface, 
i.e. in the medium with tho smaller refractive index. We have then only to insert 
negative values for r. Here we shall not discuss the positions of image and object 
in detail, as the argument follows closely on the lines of that given previously. 
Wo would merely point out that in this case the fibrst focus lies in the second 
medium and the second focus in the first medium, and, moreover, that to a real 
object situated in the first medium there invariably corresponds a virtual imago 
likewise situated in the first medium. 

Newton’s Form of the Fundamental Equation (p. 67).—The funda¬ 
mental equation assumes a particularly simple form if we make the 
focal distances of the object and image the variables. We denote 
these by x, x’ and reckon them positive in the direction in which the 
light travels. By fig. 19 we then have to put 

u = ic -f/and v== x' +/', 

where u, / and x are negative quantities in fig. 19. We obtain 

x-^-px'+f 

xx' =ff'. 



or 
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4. Image, formed by a Spherical Surface, of an Object 
near its Axis. 


A Small Arc as Object. —If in fig. 5 (p. 64) we imagine the straight 
line which passes through M, the centre of the sphere, and on which 
P and P' lie, rotated through a small angle, then P and P' describe 
small circular arcs, which are shown dotted in fig. 20. As the angles 
are small, we may replace the arcs by the tangents PQ and P'Q'. Just 
as the object-point P lying on the axis has an image-point P' corre¬ 
sponding to it which lies on the axis, the object-point Q near the 
axis must give rise to an image-point Q' near the axis. The extended 
image P'Q' then corresponds to the extended object PQ. 

That is: 

The image of a small 
object PQ at right angles 
to the axis SM is a small 
object P'Q' at right angles 
to the same axis. 



The Helmholtz-Lagrange 
Theorem. -We shall call the 
angle at which a ray PA 
starting from the point P of 

the axis leaves the axis the inclination of the ray. If (fig. 20) we denote the 
angle SPA by a, the angle CTT" by a', and SA by s, we have 

SA 8 j . , 8A s 

_ = — and tana ~ “ — 

PS -u P'S -V 

*8A _3 CJTr>/ 


tana = 


Fig. 20.—Formation of an image of a finite object 
by a spherical surface 


SP = 


tana 


and SP' = 


tana'’ 


since SA may be regarded as coinciding with the tangent at the point S (see 
above) in view of the limitation to axial rays. 

As the following considerations apply exclusively to rays near the axis, the 
angle and its tangent are interchangeable. Hence in what follows we shall alw^ays 
use the angle (measured in radians). 

By Mdbius’ theorem (p. 65) we have 

SP MP __ 

SF • mF “ ' 


hence 


g', MP _ [X 
a ’ MF g'* 


We call PQ = y the size of the object and P'Q' = y' the size of the image. From 
fig. 20 we see at once that MP/MP'« PQ/P'Q' = yly\ Hence the above equation 
becomes 

^ ^ if 

* f 

a. y y. 

or == y'lTa' 

(Helmholtz’s equation.*) 

♦ Hblmholtz (1856) was the first to recognize the general applicability of this 
equation to the formation of images by optical systems. 
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If an wiuge of an object at fight angles to the axis is formed by a 
spherical surface separating two optically differing media, the product 
of the fiize of the image, the angle of inclination of the ray mea^ared in 
radians, and the refractive index is constant. This theorem holds only 
for small angles (axial rays). For larger angles its place is taken J)y 
the sine condition (p. 93). 

The product ypa is an invariant for images formed by axial rays. 
The Lateral Magnification. —The quotient of the size of the image 
P'Q' (f) and the size of the object PQ {y) is called the lateral magni<* 
fication. It is denoted by m: m — yfy. 

We write Helmholtz’s equation in the form 

V 



Fig. zi.—To illustrate the elongation of an image 


and put 


a “ — _ and a' ~ (see above). 
n V 


Then m - ~ ^ 

y 

15 V p. 76 we also have 

_ / 

i^' r 

^ind V — x' -|- u - - X '\- f. 

Hence m = - =:=: + // 

/)' 

Py P- 76, we may replace ff' in the numerator by xx'\ then 

_ Afd X) _ x' _/ 

/> + /) 


The Elongation. —If an object-point P (fig. 21) is moved through 
a short distance dx along the axis to P^, the corresponding image- 
point P' moves through a distance dx-^, say, to P^'. The ratio of the 
disjilacements along the axis of the image and object respectively 
may be called the elongation {t). 

The elongation may be calculated very simply from Newton's form of the 
fundamental equation, xxf = //'. By differentiating this wc obtain 

X dx' d- a:' da: = 0. 

dx' _ 

dx X* 


Hence 
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Multiplying above and below by x and replacing the product xx' in the numerator 
by //', we have 





For the case where there arc many refracting surfaces (see the 
following section) ami the refractive indices of the first and last media 
are the same, the first and second focal lengths are equal and opposite. 
The expression for the elongation then takes the simpler form t - 
Comparing this expression with the expression for the lai(‘ral 
magnification m —f/x, we have the following result: 

' When the media surrounding the object and the image have the same 
tefraciive index, the elongation is eqml to the square of the lateral magni- 
Jieat ion . 

It follows that the image of an extended object must be distorted, as it is 
magnified or diminished to a much greater extent along the axis than at right 
angles to it. further, we see that it is impossible to obtain a clear image of all 
points of an extended object on a piano screen. If we photograph an c\l(*nd(‘d 
object, e.g. a landscape, both foreground and background become sharper the 
smaller the image is (the principle of the small-sized camera). 


The Convergence Ratio or Angular Magnification. —The ratio of 
the tangents of the inclinations of the rays before and after refraction 
is called the convergence ratio h. We found previously that a ~sjv 
and a~— sju. Hence k=^aja — u/v fj.lg.'m, or km - 
Replacing the first quotient iijg! by —///' and m l>y —xff' or —fjx, 
we have 


k 


f 


f 


The Subjective Magnification. An object ?/ at right angles to the 
visual axis at a distance u from the eye appears to subtend at the latter 
a definite natural visual angle also called the apparent magnitude; this 
angle is determined by the equation yja. If a system of lenses 
is interposed between the eye and the object, the apparent magnitude 
of the object is usually altered. The new visual angle is the angle 
at which the ray starting from the outermost point of the object is 
inclined to the axis after traversing the system of lenses. If this angle 
is if), the quotient is called the subjective 7nagnification (^/?) of the 
object due to the system of lenses. 


5 . Image formed by a Coaxial System of Spherical Sur¬ 
faces. 

Image of a Point on the Axis. —In fig. 22 the spherical surfaces 
Lj, L 2 , Lg with their centres Mg, Mg all lying on the same axis 
^ire shown, and also the four media with refractive indices p-g, 
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/X 3 , wliicli are separated by the spherical siirfaces. Spherical surfaces 
arranged in this way are said to be coaxial. The points where the 
axis meets the surfaces are denoted by Si, Sg, and So: SiSo ~ di, 

Let Pq be a luminous point on the axis. The spherical surface 
(subject to limitation to axial rays) gives rise to the image-point P, 
lying on the axis. This serves as object for the spherical surface 
which in its turn gives rise to the image-point P 2 . Again, Pg acts 
object for the surface L 3 , which gives rise to the image-point P 3 . Thus 
we may imagine a whole series of spherical surfaces, n in all, with the 
same axis. The system of coaxial spherical surfaces then gives rise to 
an image in the last medium of the object Pq in the first medium. 

A 'pencil of rays starting from a point sonrcc (homocentric pencil) is 



transformed into another homocentric pencil by a system of coajial 
spherical surfaces separating media of differing refractive index (provided 
all the rays are axial). 

The position of the last image P„ may be calculated if the radii of 
curvature of the sphori(*al surfaces, the distances between their centres 
or poles, and the refractive indices of the media are known. 

The actual carrying-eut of the calculation necessitates writing down the 
fundamental equation (deduced on p. 65) for each surface and hence evaluating 

the distance between the last surface and the final image, using the distances 
between the poles of the surfaces. 

The system of equations would ho as follows: 

J£t ^ go 4 _ gi -- go 
g2 ^ ^ ^ g2- gi 


gw ^ gw—X gw gw— 


Image of an Object at right angles to the Axis. If at Pq there is an object 
PoQo of magnitude at right angles to the axis, there result the successive 
images PjQi, P2Q2» • • PnQw right angles to the axis and of magnitude 
yv Vz* • * •» Vn- Py P* lateral magnification is 
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yo MH %>' V2 
or 

Wi 

If through Pq we draw an arbitrary raj" inolined at an angle aj, to the axis, 
this inclination is successively changed by tlie refracting surfaces to a^, a 2 , . . 

a„. 

For each refraction Helmholtz’s theorem holds: 

WJo<^0 == y^iyiOCiy (^lyiaj =- . . . [ln~iyn~l^n-l ^ l^n^nan* 

Hence it follows that Helmholtz’s theorem holds for awy nymber of refract ion 
so that we may write 

^oyo^o = 

with complete generality. 

By p. 79 the angular magnification or convergence ratio is the 

ratio of the inclinations of the rays at the end and at the beginning of 
the path of the ray, i.e. k ™ 

<^nl<^oy whereas the lateral 
magnification m = yn/yo- 
By the last form of Helm¬ 
holtz s equation, therefore: 

kfft = points (Pq and ?«) of an optical system 

y^n 

This equation expresses the deeper meaning of Helmholtz’s theorem: 

The frodmt of the lateral rnagnijication and the angular 'tnagnification 
depeads only on the refractive indices of the first and last media and is 
independent of all the intermediate media. 

Principal Points and Principal Planes.* We see at once from 
fig. 22 and also from the expression for the lateral magnification m 
that in a system of coaxial spherical refracting surfaces there must 
be an object-point and a corresponding image-point such that the 
lateral magnification of an object at right angles to the axis is unity. 
If the object PqQo ( 2 / 0 ) these points (fig. 23) an upright 

image of the same size, PnQn (^n)> appears at the corresponding point. 

These special points are known as principal points of the system. 
All the rays which pass through one principal point must pass through 
the other principal point. This property, however, is not specialh' 
characteristic of the principal points, as it is possessed by any pair 
of corresponding points. If, however, we describe planes passing 
through the principal points at right angles to the axis (the principal 
planes), each point of one principal plane has for its image a point 

* The introduction of the principal points and principal planes for any optical 
system of coaxial spherical suHaoes is due to the mathematician K. F. GAtTSS (1840; 
sec Vol. Ill, p. 195). 

(E 6 I 8 ) 
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lying in an exactly similar po‘<itioii in the other principal plane. If 
the two principal planes were sii]>erposed on one another, the objeet- 
j>oints and the image-points remaining fixed on them, the object- 
points and the image-points would exactly coincide. 

If we know the principal planes of a system, w^e know^ that every 
ray passing through a point in one principal plane must pass through 
a point occupying exactly the same position in the second principal 
plane, and we do not need to trace the path of the ray through the 
system at all. 


Ill fig. 24 the ray R is drawn to meet the first principal plane at A; it leaves 
the second principal plane at A' as the ray K'. Wo may therefore indicate by the 
dotted line joining A and A' and running parallel to the axis of the system that 
wo do not wish to say anything about the course of the ray wdthin the systtmi. 
Of course the direction of R' has not yet been determined; in the figure it has 
been drawm quite arbitrarily. 

To determine the position of 
the principal points, we have to 
put m = 1 in the last expres¬ 
sion for the lateral magnifica¬ 
tion and then use the general 
system of equations along with 
it to evaluate and Here 
w e cannot give this calculation 
for the general case. 


1 

1 

u 

\ . 


1 j 




1 

^ / 

1 t 

\ 


Fig. 24.—Principal planes (IIH, H'H') of an optical system 


If WO know both the principal planes HH and H'H' and the foci 
F and F' (defined as for a single lens) of a refracting system,* we can 
tell how rays which are parallel to the axis in the object space behave 
in the image space. If the ray parallel to the axis (fig. 25) meets 

the principal plane in the ob- 
/ ject space, or first principal 

plane, at A, it must leave 
H'H', the principal plane in 
the image space, or second 
principal plane, at the cor¬ 
responding point A', and 
must then pass through F', 
the second focus. The ray 
starting from the first focus 
F and meeting the first principal plane HH at B leaves the second 
principal plane at the corresponding point B' as a ray S' parallel to 
the axis. The two dotted lines AA', BB' parallel to the axis, however, 
do not represent the actual course of the rays through the system, 
but are merely geometrical construction lines joining corresponding 
points of the two principal planes. 

♦ [The foci and principal points are often referred to as the cardinal >polntB of the 
refracting system (p. 85).J 



Fjg. 25.-—The pnnupal planes, HH and H'H', aitd 
the foci, F and F' 
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Construction of the Image.—Let PR in fig. 26 bo the object, perpendicular 
to tlie axi^, of Avhich an image is to be formed by the optical system. From the 
point Q of the object wo then draw two rays, QA parallel to tho axis and QF 



- 


Fip. 26.—An object PQR and the image P'Q'R' formed by an optical system; O and O' are tho 
principal points, HH and H'H' the principal planes, F and F' the foci, and N and N' the nodal 
points. 


through tho first focus F. A and B, the points of intersection of these rays with 
the principal plane HH, correspond to the points A', B' of the principal plane 
H 'Hw Inch are at tho same distances from the axis as A and B. We then draw 
A'F' through the second focus F' and B'Q/ through B' parallel to the axis. The 
ttA o rays intersect at tho image of Q. < >ther points of the object may be found 
in the same way, so that we linally obtain the image PTl' perpendicular to the 
axis. This method of constructing the imago A\as lirst used by J. B. Listing * 
(1851). 

Nodal Points.—The convergence ratio may also lake 

th(' special valine unity for a definite position of the corresponding 
object- and iniage-jioints. 

This means that the inclina¬ 
tions of all the rays starting 
from the object-point are the ” ^ 
same as the inclinations of 

the rays passing through the „._Nod„ points (P, and P„) of an opucal system 

corr(\spondiiig image-point. 

The position of these special points, the so-called nodal points, may be cal¬ 
culated by putting a =-= a'in Helmholtz’s equation. We then obtain fy — - /'?/' 
for the ncxlal points. Xow m — y'jy — —x'fj' = —fix. Hence f' and x' -- f. 
That is, the nodal points N and W (fig. 26) lie at the distances /' and / to the right 
of tho foci respectively. (In fig. 26 / is negative). If [jl — i.e. if the optical 
media behind and in front of the optical system are the same, the focal lengths 
are equal and opposite. In this case the equation fy = —/'«/' for the nodal points 
becomes y y' and the nodal points then coincide with the principal points. 

The characteristic property of the nodal points may also be ex- 
7 )ressed by the statement that all the rays passing through one nodal 
point leave the other nodal point parallel to their original direction 
<fig. 27). 

♦ J. B. Lishno (1808-1882) was born in Frankfurt and held a professorship at 
•Gottingen. 
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6. Image formed by a Lens of Finite Thickness 
(Thick Lens). 

Combination of Two Optical Systems to form a single Optical System. 

(a) Oraphical Illustration and Relationships ,—Suppose that we are given the 
foci and principal planes of two optical systems with the same axis. Let the first 
system have the principal points IIj and Hj' and the foci Fj and F^', and let the 
second system have the principal points and Hg' and the foci Fj and F^'. In 
fig. 28 the positions of the planes and points are shown diagrammatically; as the 
focal lengths are to bo measured positive to the right from the principal points, 
it is arbitrarily assumed that both the foci are to the right of the principal planes 
of both systems. Let H^Fi = /j be the first focal length of the first system and 
Hi'F/ = /i' the second; let H 2 F 2 = /^ be the first focal length of the second 
system and Hg'Fg' ~ f 2 tlie second. Further, let the distance Hi'Hg between 



Fig. 28.—Combination of two optical iysteras with principal planes Hi, Hi' and Hi, Ha', and 
foci Fi, Fi' and Fj, F|', to form a single optical system with principal planes HH, H'H' and foci 
F, F'. The first system forms the image AiBi of the object AB, and the second forms the image A'B' 
of the first image. 


the principal planes of the two systems which are “ next ’’ one another be d and 
the distance Fi'F 2 between the foci “ next ” one another (the so-called optical 
interval) be A. Now let there be an object AB (y) at the point A on the axis in 
the object space of the first system. The first system produces an image of AB, 
namely, A^Bi (y^) at the point Aj in the image space of the first system. This 
image is at the same time the object for the second system, which gives rise to 
the image A'B' (y') at A'. That is, the image of AB at A formed by the com¬ 
bined optical system is A'B' at A'. If in addition we denote the distances of the 
images and objects from the foci associated with them, measured positive to the 
right, as follows: FjA — x^, F/A^ — a;/, FgAj = X 2 , and Fj'A' == x^, we have 


.( 1 ) 

= .( 2 ) 

Further, we see from the figure that 

HiTIj + H.F2 = + r,'F, 

or d + f^^U + A .( 3 ) 

and " 1 “ ^2^1 

or .Ti' — A -f .( 4 ) 


(b) The Foci ,—^The second focus F' of the combined system is the point where 
rays parallel to the axis in the object space of the system are reunited* 
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For these rays Xj - cc, so tliat the corresponding value of is zero, by 
(1), X 2 = -A, by (4), and (x/)^ = - by (2). Here (x^')^ means the 

distance of the second focus F' of the combined system from the focus Eg'. 
Similarly, we obtain the position of the first focus of the combined system by 
putting X 2 ~ CO in (2) and finding the corresponding values of the other quan¬ 
tities. The equation (2) gives X 2 — 0; (4) gives x^' = A and (1) gives (xy)^ —fif^ I A, 
Here (xy)^ means the distance of the first focus F of the combined system from Fj. 

(c) The Principal Planes.- To determine the positions of the principal planes 
of the combined system wo must find the position of the two corresponding points 
A and A' for which the magnification y'jy has the value unity. Now by p. 83 

and ^ 

y Vi ^2 

so that K. U. ¥1 zzz: 

y ViV 


jience we must have 


/1/2 ™ j 

XyXo 


♦Substituting for from (4), we have 

/i/2==^iUV -A) = 

or, using (1), XyA / J/ — 

jtnJ e ~ a;, — . 


XyXi — XiA 
/l/2> 

zJi\ 


(5) 


V here e denotes the distance of the first principal plane H of the combined system 
from the focus Fj. 

The special value of X 2 ' corrcvsponding to this is found by substituting in (1), 
^4), and (2). We have 

77 -/ 2 ' 

. A _/I'A -//A-KfeA _ fA 

and e' = = Ml = If ill ~JA, 


w here c' denotes the distance of the second principal plane H' from Fg'. 

(d) The Focal Lengths ,—^The focal lengths of the combined system are the 
distances of the foci from the corresponding principal planes H and H'. We have 
(see above) 


/=HF=riF-FjH=(a;,)„ 


= hli — /i (/i^ A) _ /1/2 
A A A ’ 


r - HT' = Fs'F^ - Fa'H' = 


_ /2'(/7 - /2) „ _ /2'/l' 

~ ■~r' A 


We have now determined the cardinal points H, H', F, F' of the combined system 
and also its focal lengths. K we denote the distances of the object A and the 
image A' from the foci F and F' of the combined system respectively by FA = x, 
F'A' = x\ we again have the equation 

xx'^SS' 

connecting the positions of the object and the image. 
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Focal Lengths and Cardinal Points of a Lens of Finite Thickness. 

(a) Introductory Eermrlcs.—lii fig. 29 L^Lj, denote two spherical sur¬ 
faces with centres of curvature Mj, M 2 , radii of curvature and poles Si, So. 
Let S 1 S 2 , the distance between the two poles, be d. Let the medium (e.g. glass) 
betweeen the two spherical surfaces have the refractive index (i, and let the 
refractive index of the medium (e.g. air) outside these spherical surfaces be unity. 

Each of the two refracting surfaces LjLi and L 2 L 2 may then be regarded as 
one of the individual optical systems of the previous discussion. The principal 
planes of a single spherical refracting surface coincide with the surface itself.* 
Hi and Hj' of the previous argument coincide with Si, H 2 and H 2 ' with 82 - 

(h) The Focal Lengths. —Let (=P) be the object-point on the axis for the first 
refracting surface, Pj its image-point, which acts as object for the surface L 2 L 2 , 
and finally let P' (~P 2 ) bo the image formed by the lens of the object Pq (— P)- 
If we reckon the distances of these points from the poles Si, S 2 (positive to the 



right) and denote SiPo (=SiP) by SiPj by;?, S>Pi by q, and S2P2 (=S2P') by r, 
and if we further put (Xq — 1, (Xi — [x, [Xg = 1, the fundamental equation for a 
spherical surface (p. 65) gives 

tx 1 , (X — 1 
- - -r ^-> 

p U T*! 

V q 


From these we obtain the focal lengths corresponding to the surfaces LiLi, L 2 L 2 
by making u, p, g, v successively infiiiito and evaluating the corresponding points. 
Using the notation of the previous section (see above) we then obtain 







_ m ^ m . 

1 - [X ^(X ~ V 





Know^ing the value of d and the values of the individual focal lengths /j. // 
/g, f 2 obtained from ri, r 2 , and p, wo can immediately calculate A, the distance 
between the foci next each other (the optical interval, in the microscope the optical 
tube-length), from equation (3) of the previous section, A — + /a — fi'. 


* For by the fundamental equation (p. 65) we have ^ ^ and by fig. 

20 (p. 77) m « ~ For given values of m, p, p, and r, these two equations 

determine u and v. If in particular m ^ \,u and v must lie equal. This is true if either 
« v == r, or w V “ 0. That is, the principal planes coincide in the tangent plane, 
to the surface at S. 
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(c) The Principal Points, —^To fix the positions of the principal points of our 
lens relative to the poles of the lens, we have to add to the values e and e' of the 
previous section (see above), giving the distances of the princi])al planes from the 
foci Fi and F 2 ^ distances SjF], S 2 F 2 ' of these latter i>oints from the poles 
Si and 82 - As, however, the principal points of the two refracting surfaces coincide 
with these poles, the first and second focal lengths are SjFi — f\ and S.Fo' jV’ 
Lot the distances of the principal points of the lens as a whole from the poles be 
81 H - 5 i, SoH' - Tlien 


= S.H = SiFj + r,H -= + e = A + 


UU - A) _ /i{A + /.' - A) __ 

A A A ’ 


s, = S2H' = SjlV + F/H' = A' + e' = A' + 

_ AU+A'-A) ^//d 

A A ■ 





f 


s 


\s , _ 

F 


r 


1 


H\ 



Fig. 30.—glass lens (fi »=» 1*5, ri = 4 cm., r* =* —-2 cm.) witli its principal planes and foci 


(d) The Focal Lengths of the Lens as a whole, —From the results given in last 
section (see above) we find that the focal lengths of the lens are 

f = * 4/2 _ f/fi 

^ A ’ A * 


As the refracting medium is the same behind and in front of the lens (namely, air), 
/ must be equal to —by the general theorem [if ~\ [ij' = 0 (p. 76). If we 
calculated the values of /i, //, /o, f^' from the quantities rj, Vo, d, and (x, and 
substituted these values in the equations for A and also in those for 6 ‘i, 53 , /, and 
/', we should obtain final formula* for these quantities involving the given quan¬ 
tities only. We shall not WTite down these formulae, however, as they are fairly 
complicated and less easy to grasp than the equations given above. 

We shall, howev^or, consider the ease of an infinitely’ thin lens. Hero d = 0, 
i.e. A “ /g — fi (see above) and 





Jl 

'flA' A'A' 


U' 


By substitution (see above) we obtain 

^ 1 j _ 1^—1 ^ 11 _ 1 

/' f '((x-l)W r, ^\r, r, 

for the refractive power of the lens, in agreement with p. 67. 

(e) The Distance between the Principal Planes. —If the thickness of the lens ia 
d, this distance is 

w = d — d- ^2 ~ ^ (A ~ /i + fz) 


by the foregoing. 
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(/) Numerical Examples ,—We shall iilustratt. fho general results we have 
just obtained by means of a few numerir ’ <»xampleB. We first consider a biconvex 
lens of glass with the following dimcnr' is (fig. 30): 

Tj = 4 cm., == —2 ini., d = 0*4 cm., (jl — 1*5. 

1 'ben f, =r.■ — = —8 cm., = —6 cm., 

pi — 1 jx — 1 


// =. +12 cm., // = —!i_ = +4 cm., 

•' [X - 1 (4-1 

A = fl! + / 2 -/,' = 0-4- 6- 12= -17-6 cm., 


. 04 

‘‘ A -17-6 


_2 

11 


= 0-18 cm., ^2 


^ _ 4 X 0*4 
A -17-6 


11 


—0*09cm., 


A -17-6 17*6 11 


—2*73 cm.. 


. f2fi^ -^x 12 ,^ .30 

A -17*6 ^11 


-f 2*73 cm. 


The distance between the principal planes is 

ix = d — -f .So = 0*4 — 0*18 — 0*09 = +0*13 cm. 

As the equations for A, 5^, s^t ft and /' show, these quantities vary considerably 
with d, tho thickness of the lens. If d = 6 cm., so that the centres of curvature 
coincide, w = 0, so that the two principal planes also coincide. If d = 8 cm., we 
have 

A — —10 cm.. Si == +6*4 cm., $2 — ~~3*2 cm., 

/' = —/ = 4*8 cm., = —1*6 cm. 

The principal planes have now exchanged places and have moved to a distance 
1*6 cm. apart, and the focal length has considerably increased. If d = 18 cm., 
A = 0 and the principal planes and foci have moved to an infinite distance; the 
lens no longer has tho properties of a convergent lens. (It now forms an image 
like a telescope; p. 125), If d >18 cm., A becomes positive and s^t 52» /» f' 
change their signs. Then the principal planes lie outside the lens in their original 
order and the lens becomes a divergent lens (although it is thicker in the centre 
than at the edges). 


Optical Systems formed by the Combination of Several Thin Lenses.— 

Let an optical system consist of two lenses which are so thin that 
we may take the principal planes of the lenses as coinciding with the 
lenses (when d =: 0 we have Si = $ 2 =u~ Ohy (c) and (e )). Further 
let the medium behind and in front of the two lenses be the same, 
namely, air. Then —/i == // and/g'— —/g. The distance df between 
the two principal planes next one another is now merely the distance 
between the two thin lenses; the distances and are always to be 
measured from the lenses. Under these conditions our formulas simplify 
to 


A = d'-A' 




-f'=+f=w 











THICK LENSES 


89 


The question whether the system acts as a convergent lens or a diver¬ 
gent lens depends on the sign of A (see paragraph (/) above). 

The last equation is often written in another form, involving the 
refractive power of the system instead of the focal length: 

i = _ ^ I ^ 

/' 7J^ /I'A' /i' /s' /TV’ 

If the two thin lenses are actually touching one another, so that ci' 
may be put equal to zero, we have 


f /i V2 


The powers of two thin lenses in 
contact {measured in dioptres) are 
mlditi VC. 

Nodal Points.—^The position of the 
nodal points of a thick lens may also be 
determined by the following considera¬ 
tions (fig. 31). Mj^, Mg are the centres of 
tMir\rature and rj, rg the radii of curvature 
of the two spherical surfaces by which 
the lens is bounded. Through Mj and 
Mg we draw two parallel radii MjQ and 
My,R, and join QR. Let this represent 




' 

__TSSSt 


0 

1 

_ / 

k- "" 


Fig. 31,—Nodal points (Ni and NO and optical 
centre of a thick lens 


that part of a certain ray of light which 

is included within the lens. If wo draw the tangent planes at Q and R to the 
spherical surfaces, T,Ti and TaTj, these form the boundaries of a flat plate, and 
from the refractive index wo can calculate the path of the ray of light P which 
enters the plate at Q and leaves it at R as the parallel but laterally displaced ray 
S. By producing PQ and SR we obtain their intersections (Nj and N 2 ) with the 
<Txi 8 of the lens CC'. These two points are the nodal points of the lens. As the 
medium is the same on both sides of the lens (namely, air) the nodal points coincide 
with the principal points (p. 83). The point O where the ray QR cuts the axis of 
the lens is called the optical centre of the lens. 

From the similar triangles OQMj, ORM 2 we have 


OQ ^ rj, 

OR 

hence 

The optical centre of a lens divides the thickness of the lens in (he ratio of the radii 
■of curvature. 

Lecture Experiments. 

(a) Parallel Displacement. parallel displacement of a ray of light by a 
A cry thick lens may be demonstrated objectively by letting a ray of light pass 
obliquely through the lens. Fig. 32 (Plato IV) is reproduced from a photograph, 
the ray being made visible by blowing tobacco smoke into its path. 

The thick lenses used in the experiments illustrated in figs. 33-37 (Plates IV, 
V) were made by cementing plano-convex lenses to opposite faces of a glass 
cube of side 4 cm. by means of Canada balsam. The paths of the rays were made 
visible by tobacco smoke and were then photographed, while the outlines of the lens 
and the dotted construction lines were added to the photographs 8 ubsequentl 3 ^ 
Fig. 33 shows that a ray which falls on the lens in such a way that it leaves 
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the Ions parallel to its former direction but laterally displaced meets the axis of 
the lens in two points; these are the nodal points N and (cf. p. 83). 

(//) The Principal Planes ,—In fig. 34 (Plate V) three parallel light rays are 
shown falling on a biconvex lens with different curvatmes on the two sides; these 
ra \ s are made to converge by the lens and intersect at the second focus F'. If we 
produce the incident parallel rays lorwarda and the rays leaving the lens back¬ 
wards, they wiU intei*sect. The plane H'H' passing through those intersc'ctions 
at right angles to the axis of the lens is the second principal plane; its distance 
from the second focus is the second focal length. 

in fig. 35 (Plate V) three rays starting from the point E are made parallel on 
passing through the lens. The starting-point of th(‘sc rays is the first focus J^\ Tf 
we produce the incident rays forw^ards and the emergent rays backwards, these 
prolongations intcTsect in the first principal plane HH. 

In the exiKTimcnt shown in fig. 36 (Plate V) three ])arallel rays fall on 
the same lens from either side. We thus obtain the two foci F and F' simul¬ 
taneously. The distances of the foci from the corrcisponding principal planes are 
the two focal lengths; here, as the rays are passing from air to glass and back 
to air, these are et[ual, although the distances of the foci from the poles of the 
lens are different. 

The unsymmetrical position of the foci and principal planes is shown in a 
particularly striking way by the experiment of fig. 37 (Plato V). Here the glass 
cube has a plano-convex lens cemented on to one side and a concavo-planc lens 
on to the other. The experiment makes it clear that the prim ipal plane IPH^ 
lies entirely outside the Iona. Accordingly the focus F is close to one pole, while 
the focus F' is a great deal farther from the other pole; yet the two focal IcngtliE 
are the same. 

In tigs. 38, 39 (Plate VI) three parallel rays fall on a combination of two lenses, 
of which Li is a convexo-plane lens and Lg a concavo-plane lens. In this system 
both the principal planes HH, H'H' lie outside the system on the same side of it. 
The unsymmetrical position of the foci is clearly shown; yet here again the tw o 
focal lengths are the same, as the first medium and the last medium have the 
same refractive index. 

7. Image, formed by a Thick Lens, of an Object Perpen¬ 
dicular to its Axis. 

In the experiment of fig. 40 (Plate VII) three rays start from a point Q not 
lying on the axis of the lens. One ray goes through the first focus F; it leaves 
the lens parallel to tho axis. If we produce the incident and emergent raj’s, they 
meet in the first principal plane HH. The second ray enters tho lens parallel t(j 
tho axis; on leaving the lens it is inclined to tho axis and passes through the 
second focus F'. The prolongations of the incident and emergent rays meet in 
the second principal plane H'H'. Tho third ray is in the direction of the first noda I 
point, which in tliis case coincidea with the first principal point; it leaves the 
lens parallel to its original direction, but displaced in such a way that it appears 
to come from the second nodal point, which coincides wdth the second principal 
point. The three selected rays meet again at the point Q' corresponding to Q. 

This experiment is arranged on tho plan of fig. 26, p. 83, in which the image 
of an object was obtained by means of special rays when the principal points 
and foci of tho lens were known. 

If tho first medium, i.e. the medium in which the object is situated, has a 
refractive index which differs from that of the last medium, as, e.g., in the eye, 
the principal points do not coincide with the nodal points. In this case, therefore, 
the positions of the foci, the principal points, and the nodal points must be known 
before we can construct the image of a given point by means of particular rays. 



Plate VI 



C h I \ , 1 I list ptiiKip.iI pi,UK Jiitl locus ot ,1 <omhin.ilion of tuo lenses 



C'h I \ , Imk Pi 'second pnnt ip.il plane .ind lotus ot .1 c ornlunation ol lv\o lenses 

h(uiufip f 











CHAPTER V 


Geometrical Optics: Aberration 

1. Aberration. 

Ill discussing the properties of lenses, we have hitherto assumed 
that points not on the axis lie so near to it that the rays of light sta^^ting 
from them meet the axis at an angle so small that sine, tangent, and 
angle are interchangeable. If we dispense with this limitation, the 
mathematical relationships become very complicated. Hence we 
shall confine ourselves to experimental investigation of the new pheno¬ 
mena which occur. The figures have been obtained by photographing 
the jiaths of the rays as before. 

In the experiment of fig. 1 (Plate VII) a ray of light passes as an 
axial ray through the centre of a plano-convex lens with its plane 
surface facing the incident light. At a short distance from it two rays 
travel parallel to the axis; these are made to converge by the lens and 
meet the axis behind the lens at F^. This point is the second focus, in 
the sense in which the term was used in the previous discussion. There 
are also two rays parallel to the axis at a greater distance from it 
which are incident on regions of the lens near its edge (so-called ihar- 
ginal rays). These are likewise made to converge by the lens and 
then cut the axis at a point F^. This point, however, does not coincide 
with but lies considerably nearer the lens. If, then, we imagine a 
whole pencil of parallel rays incident on the lens from the left, all the 
rays of the pencil will no longer be reunited at a single point, the rays 
from each zone * having the same meeting-point, which, however, 
differs from that of every other zone. 

The distance F is called the longitudinal aberration. 

The phenomenon shown in fig. 1 is partly due to the spherical 
form of the refracting surfaces, and is commonly referred to as spherical 
aberration. It is possible, it is true, to calculate the forms of lenses, 
and to produce actual lenses of the forms calculated, which will reunite 
all the rays from a given object-point at a single point, i.e. without 
aberration. But even in this case aberration will occur for any other 
object-point. Aberration is by no means a phenomenon peculiar to 

♦ Here the word zone is used in the mathematical sense of spherical zone; it means 
a narrow strip of the lens surface which is all at the same distance from the axis. 
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the spherical surface. In actual fact, the aberration is smaller with 
lenses boimded by spherical surfaces than for other forms of lenses, 
unless we are only seeking to recombine those rays which have a 
specially selected divergence. 

Further, aberration is not only a function of the lens form, but 
also a function of the angle at which the light rays meet the surfaces 
of the lens. This we see by the following experiment. 

We turn round the plano-convex lens used in the previous experiment, so 
that its curved surface is directed towards the incident pencil of parallel rays. 
We then have the phenomenon shown in fig. 2 (Plate WI); and F,, move 
very close together, so that the aberration is now considerably less than it was 
in the experiment of fig. 1. 

Aberration also occurs with c'oncave lenses. To demonstrate the 
existence of aberration in this case, of course, we have to find the 
points of intersection with the axis by backward prolongation of the 
rays. 

The aberration can be got rid of for certain definite zones by suitable 
combination of two or more lenses. A system of this kind is said to be 
corrected for spherical aberration. Such a system may be free of aberra¬ 
tion for two or at most three zones, never for all zones. For points on 
the axis, however, it is possible to produce systems which are satis¬ 
factorily devoid of aberration. 

Just as the focal distances vary for the different zones of a lens, so do the 
focal distances for one and the same zone vary for light of different colours. For 
this so-called chromatio aberration see p. 167. 

2 . Astigmatism. 

If a lens bounded on one side by a portion of a spherical surface 
and on the other by a portion of a cylindrical surface is set up in such 
a way that the straight lines generating the cylindrical surface stand 
vertical, a vertical section passing through the axis is identical with 
the principal section of a plano-convex lens and a horizontal section 
is identical with the principal section of a biconvex lens, the curvature 
of the one surface of the biconvex lens being equal to the curvature 
of the convex surface of the plano-convex lens. It follows that (if we 
neglect the longitudinal aberration) the lens will cause parallel rays 
lying in a vertical plane and parallel rays lying in a horizontal plane 
to meet at different points, the latter point Ijring nearer the lens than 
the former. 

This experiment is shown in fig. 3 (Plate VHI). Parallel rays pass through a stop 
in the form of a oiroular ring and fall on a lens which is cylindrical on the left 
(the lines generating the cylinder being vertical) and spherical on the right. 
In the lower half of the figure the observer is looking along a horizontal plane, 
in which the rays appear to meet at the point In order that the observer 
may simultaneously gain a view of the same rays from above, i.e. in the vertical 
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plane, a long narrow mirror is set up abov^ the path of the rays at an angle of 
45'’. Hero we see the point where the rays unite in a vertical plane. There 
is no point in which all the rays in any inclined plane are united. If we describe 
planes at right angles to the lens at varying distances from the lens, we in general 
obtain elliptic sections; at the points F^^ and F^ the vertical and horizontal 
axes of the ellipses respectively vanish, giving rise to a horizontal or vertical 
straight line. 

The two middle parts of fig. 3 were obtained directly by photography of the 
pencil of rays made visible by tobacco smoke. (The mirror does not come out 
in the photograph.) The two figures above and below these were obtained by 
putting small, slightly dusty pieces of plate glass in the path of the same pencil 
of rays, so as to make the cross-sections of the pencil clearly visible. These sec¬ 
tions were then photographed somewhat obliquely from the front. Hence the 
two parts of the figure which represent the cross-sections of the pencil must 
be rotated through about 45° round a vertical axis if they are to correspond 
exactly to the two middle parts of the figure; then, however, all the sections 
would of course appear as short straight lines and their shapes could not be 
seen. 

The above is also true for rays diverging from a point; hence 
the lens of fig. 3 is incapable of forming a point image of a point. For 
this reason the phenomenon which we have just described is called 
astigmatism,* and a lens which exhibits astigmatism is said to be 
astigmatic. The phenomenon is not imcommon in the case of the 
eye. 

Astigmatism also occurs in a lens boimded on both sides by spherical 
surfaces if the incident rays are sharply inclined to the axis. To dis¬ 
tinguish this case from the preceding we refer to it as the astigmatism 
of oblique pencils. 

In fig. 4 (Plato Vni) a parallel pencil passing through a stop consisting of a ring 
of holes is made to traverse a biconvex lens with spherical surfaces, but the lens 
is rotated about a vertical straight line so that the axis of the lens makes an 
angle of 45° with the direction of the rays of light. As in the former experiment, 
the figure is derived from a photograph of the path of the rays. A mirror set up 
at an angle above the path of the rays enables the phenomenon to be observed 
in a vertical plane at the same time. The phenomenon is essentially the same as 
that shown in fig. 3: the effect of the lens on a ray inclined at a large angle to 
the axis is as if the lens were more strongly curved. 

It follows that a lens cannot reunite in one point those rays which 
start from an object-point remote from the axis. The image is na 
longer unique. 

3. The Sine Condition. 

Owing to aberration and the astigmatism of oblique pencils, a 
point object in general does not give rise to a perfectly clear point 
image. On p. 92, however, we saw that by combination of several 
lenses it is possible to produce a corrected system which in practice 

♦ Or., dtigma, a point; astigmatic accordingly means without a point. 
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gives rise to no aberration for points on the axis. That is, corrected 
syst(‘iiis can be constructed in which an axial point object rise 
to an axial image without aberration. 



Fig. 5 —A thin pencil of light rayi. starting from 
the object Q is brought to a point at Q' by the part 
of the optical system near the axis. 


Let LL in 5 and 0 donoto 
an optical system without alierra- 
tion for points on the axU; here, 
for the sake of simplicity, ^^e shall 
represent the system by a sinj^le 
convex lens. Let P' be the point 
on the axis which corrt'sponds to 
the point P on the axis. If we 
imagine a small object PQ (y) 
placed at P at right angles to the 
axis, the system gives rise to the 
image P'Q' (y') at right angles to the axis. The magnification m ~~~ y'jy may be 
calculated by means of the equations developed in § 4 of last chapter (p. 77). 
These, however, are not strictly true except for a thread-like region along the 
axis. In such a case the rays do come to a single point; all the rays starting 
irom Q meet again at Q'. 

Por an optical system with considerable lateral extension, however, the rays 

in general are not reunited in a 
singh' point. A narrow pencil of 
rays near the axis, with the cen¬ 
tral ray QO, meets at a point (Q') 
different from that (Q/) where a 
narrow pencil, with the central ray 
QR, which is refracted by the mar¬ 
ginal portions of the system (figs. 

_-A thm penal of light rajs .tartmg from the « ^'United; for'the pencil 

pomt Q is brought to another point QF by the margmal passing through the optical centre 
zone of the optical system. of the system (fig. 5) givcs ail image 

P'Q' of magnitude y', wPereas the 
pencil passing through the marginal region R (fig. 6) gives an image P'Qi' of 
magnitude y^'. 

Suppose that a ray passmg from P to R leaves the axis at the angle a, and 
that the refracted ray RP' reaches it at the angle a'. If the angles a and a' are 
small, Helmholtz’s equation is true (§ 4 of last chapter, p. 77). As the refractive 
index of the last medium is the same as that of the first, this equation becomes 
^ ~ y'ty = a/a', so that the magnification is independent of the inclination of 
the ray to the axis. This, however, is no longer true once a exceeds a definite 
small value. The magnification of the image therefore varies according to the 
region of the lens traversed by the rays producing it. In an actual case an axial 
point P may be very accurately reproduced as a point (e.g. the aplanatic points 
of a spherical surface (p. 105)), whereas the images Q' and Q^' of a point near 
the axis produced by different zones no longer eoincide. Then the image of the 
point Q near the axis produced by the whole pencil of rays of aperture 2% becomes 
blurred. 



Sharp'images would, of course, be obtained if Helmholtz’s equation 
could be validly extended, as a result of some peculiarity of the optical 
system, to rays inclined at a considerable angle to the axis. This, 
however, is not the case; the condition is inseparably associated 
Avith small values of the inclinations of the rays to the axis. In tech- 



Plate \ 111 



< h \ I IK 1 \st iKni If isni flu lot il tli''t nuts in tht two ptiiuipil ■Mttions 



C h \ , } IK 4 XstiKni.itisni ol oblitiiit ptncils 



Ch \ , 1 IK S blurred imaKe of points near the axis 


h tils 


FodHirp i) f 







THE SINE CONDITION 


95 


nical optics it is essential to get rid of this limitation; for the greater 
the aperture of the pencil of rays, the greater the quantity of light 
and hence the brighter the images produced. Hence designers of 
optical instruments are keenly interested to know under what con- 
<litions a magnification of the image which is independent of the 
zone of the lens traversed can be obtained with pencils of finite 
aperture. This problem was first elucidated by Helmholtz and more 
especially by Abbe. The condition which must be satisfied is the 
so-called sine condition: 


fisina 

(ji'sina' 


~ const. 


Here fi, [i! denote the refractive indices in the object space and 
the imag(‘ space and y'ly m is the lateral magnification. In addition 

to being the condition that the magnification shall be independent 
of the zone giving rise to the 
image, the sine condition is also 
the condition that an element of 
surface near the axis is reproduced 
without distortion by pencils of 
large aperture. Abbe deduced the 
sine condition from the wave 
theory of light. As Helmholtz 
has shown, the requirement that a small element of surface near 
the axis shall give rise to the brightest possible image leads 
to the sine condition also. 

The sine condition may readily bo deduced from the principle of energy. In 
fig. 7, da is an element of area at right angles to the axis of the (arbitrary) system, 
which is reproduced as the element of area da^ which is also at right angles 
to the axis. Let the angle between a ray starting from da and the axis be a 
and the angle between the ray incident on da' and the axis be a'. If S is the 
energy density radiated vertically by unit area of da, and S' that incident ver¬ 
tically on imit area of da', and dO the energy radiated per solid angle dco in the 
direction making an angle a with the axis, we have 

d^ = Sda . cos ado. 
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Fig. 7.—To illustrate the derivation of 
the sine condition 


If da' is a sharp image which is to be as bright as possible, the whole of the radia¬ 
tion from da must be brought together again at do-'. Hence we must have 

d^- S'da'.cosa'do'. 


The solid angle doj may, as we know from spherical trigonometry, be replaced by 
sin a da dtp, where 9 denotes the (geographical) longitude on the unit sphere. 
The whole luminous flux radiated up to the maximum angle a is therefore the 
sum of all the elementary luminous fluxes d<D radiated in this solid angle, the 
summation being taken from 0 to a for the inclination to the axis and from 0 
to 27r for 9 . As in addition, we have cos a da = d( 8 m a). 
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/’sin tt f2v 

= SdaJ J sin a c? (sin a) (^9 
= S J sin^a. 2n. 

By the above must have the same value for da\ Hence 
S doL sin^ a = S'dfa' sin^ a'. 

Now S/S' = (This may be seen as follows: the energy-density in the 

first medium is S = DEH, in the second S' = D'EH, as the permeability may 
be taken as unity for both media; hence S/S' == D/D' = It foUovs that 

sin^ oLda— jx'® sin® a' da'; 
hence (x sin a VeZa = jx' sin a' V da\ 

As V (da'fda) is the lateral magnification, we finally obtain 

tx sina 

—■ = m. 

jx sma 

This, then, is the condition that the energy emitted by a small element of area 
da is again concentrated on a small element of area da' of magnitude such that 
da'jda — 


Points for which the sine condition holds and which at the same 
time are the images of one another devoid of longitudinal aberration 
were called aplanatic points * by Abbe. 

Helmholtz’s equation must hold for geometrical reasons whenever straight 
rays give rise to a point image of constant magnification (p. 77), i.e. we must 
have (x'tana'/|x tana — yly'=^ const.; the sine condition is inconsistent with this 
unless the inclinations are small. It follows that the production of point images 
of a region of arbitraiy size by means of a pencil of wide aperture is physically 
impossible. If the sine condition is satisfied for a single pair of points on the 
axis, one point being the unique and distinct point image of the other (see the 
aplanatic jx^ints of a spherical surface (p. 105)), there can never be another pair 
of points on the axis for which the sine condition is satisfied at the same time. 

Fig. 8 (Plate VHI) is from a photograph in which an image of three luminous 
object points P is formed by an aberrationless lens L. A pencil of rays passing 
through the centre of the lens and two pencils of rays passing through the lens 
near its edge are selected by means of a stop fixed to the lens. If we construct 
an image plane perpendicular to the axis at the point P' where the image of the 
point on the axis is situated, we see that the images of jwints near the axis 
formed by the central rays are farther from the axis than the images formed by 
the marginal rays. In the figure this difference is, of course, very small, but it 
would give rise to a blurring of the images of points near the axis. 

4. The Variation of Distortion with the Position of the 
Stop. 

An ordinaiy eimple lens exhibits both aberration and astigmatism; 
hence it gives rise to a blurred image, especially when used to produce 
an image of an extended object whose plane is at right angles to the 
axis of the lens, on a plane screen also at right angles to the axis. 

* [Sometimes the term aplanatic foci is used.] 
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In the experiment of fig. 9 (Plate IX) the object consists of a set of brightly 
Uluminated points set up on one side of an ordinary biconvex lens* at right 
angles to the axis. Each of these points sends rays of light through the lens, 
which causes every separate pencil of rays to converge. 

Fig. 9 at once shows that the regions where the individual pencils 
are most nearly reunited do not lie in a plane at right angles to the 
axis of the lens, but on a curved surface, the concave side of which 
faces towards the lens. 

If we now place a plane vertical screen in the image space at right angles to 
the axis of the lens, only a small region of the image is sharp, and in fact the 
screen must be moved nearer the lens the greater the distance between the axis 
and the portion of the image which it is desired to render sharp. Here by sharp¬ 
ness we do not, of course, mean absolute sharpness, i.e. the representation of a 
point by a point, as the sharpness of all parts is impaired by the aberration and 
the non-fulfilment of the sine condition, and the sharpness of the marginal parts 
by the astigmatism of oblique pencils in addition. 

In the experiment of fig. 10 (Plate IX) the object G consists of concentric 
circles and intersecting radii ruled on a ground glass disc, which is illuminated 
from behind. At a short distance from the object is situated the strongly curved 
convex lens L, which produces a real image of the object. This image is received 
on a lightly powdered disc of plate glass Sj, which is adjusted so that the centre 
of the circles and the innermost circle appear sharp. With this position of the 
screen the images of the remaining circles are blurred. If, however, the screen 
is moved nearer the lens, so that it occupies the position Sg, the images of the 
outer circles become sharp, whereas the image of the parts of the object near the 
axis become blurred. In making the figure, two plate-glass plates were used 
simultaneously and a photograph was taken of the whole, so that the two image 
planes are shovii together in the figure. 

From the rear plate Sg we see that the images of a circle and the part of a 
radius cutting it cannot be sharp at the same time, the sharp portion of the 
radius lying nearer the edge than the sharply-defined circle. This difference is 
duo to the astigmatism of the rays, which pass very obliquely through the lens 
(see bclou). The same thing is shovm very clearly in the similar photograph in 
lig. 11 (Plate IX). 

The blurring of the images in the experiments illustrated by figs. 
10, 11 is due to the fact that the pencils of rays forming the image 
are not reunited in one point on the screen, the position of closest 
approach lying behind or in front of the screen, so that the section 
intercepted by the screen is always that of a pencil which is either 
still converging or has already begun to diverge. If there were no 
astigmatism, this section would be a simple circle (circle of confusion). 
As a result of astigmatism, however, a peculiarly shaped spot of light 
(coma t) is formed. If the angle of the cone of rays forming the image 
is made very small, the circle of confusion likewise becomes small, and 
hence the figure on the screen becomes more and more like a sharp 
image the smaller the aperture of the cone of rays. 

* The lens is hidden by its mount and so does not appear in the photograph. In 
figs. 12-14 the lens and stop have been added to the figure subsequently. 

t Lat., coma, hair. 
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In Chap. I, § 4 (p. 9; figs. 9, 10) we produced a figure, comparable 
to an inverted image, by means of a pin-hole camera and a luminous 
object, no lens being used. This figure arose from the fact that the 
minute hole selected a very narrow pencil of rays from the totality of 
rays emitted by the points of the luminous object. It follows that the 
‘‘ image ’’ may be rendered sharp over a larger region by interposing 
a stop somewhere in the path of the rays. The use of a stop enables 
even the blurred images of objects of considerable depth, i.e. with 
points at var 3 dng distances from the lens, to be made sharp. 

The effect of a stop on a complex of rays produced by a strongly curved 
convex lens may be investigated by inserting the stop in the path of the rays 
in the experiment of fig. 12 (Plate X), which in its essentials resembles that 
of fig. 9. In the experiment of fig. 13 (Plate X) the stop B is set up close 
to the lens on the image side. We see that as a result the pencils of rays are 
more sharply bounded and that an image consisting of seven fairly sharply- 
defined spots of light appears on the powdered glass plate on which the image 
is again received. We can see quite clearly that the rays producing the image 
were already present in fig. 12, and that the greater clearness in fig. 13 arises 
from the fact that the stop lets through only the outerrm&t portions of the indi¬ 
vidual cones of rays. 

If, as in fig. 14 (Plate X), we put a stop on the object side of the lens, 
a satisfactory image is again obtained, the stop letting through only the innermost 
parts of the cones of the rays which without the stop would pass through the 
whole of the lens. 

If we compare figs. 13 and 14 we see that the images produced 
on the same screen are not the same, that in fig. 13 being more spread 
out and that in fig. 14 more compressed towards the centre. We must 
emphasize once again, however, that the stop is not the part of the 
apparatus which actually produces the image, but that the lens of 
the .experiment shown in fig. 12 produced the two images in figs. 13 
and 14, the stop merely serving to blot out parts of the figure already 
existing. 

This peculiar action of a stop is shown in a particularly striking 
way if the object consists of a system of two sets of parallel lines 
crossing at right angles. 

Figs, 15, 16, and 17 (Plate XI) show the images formed of this network by 
a sharply-curved lens. Fig. 16 was obtained without the use of a stop. In fig. 16 
a stop was placed on the image side of the lens, in fig. 17 on the object side of 
the lens. We see that in fig. 16 the whole image is blurred, but particularly the 
outer parts. 

The indistinctness is diminished by the interposition of a stop; 
but there results the peculiar distortion of fig. 16, in which the marginal 
parts are spread out (cushion-shaped distortion), while if the stop is 
placed on the object side of the lens the marginal parts of the image 
are compressed towards the centre (barrel-shaped distortion). The 
explanation of these tj^es of distortion is contained in the experiments 
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of figs. 13 and 14, but will be made clearer by the diagrams in figs. 
18 and 19. 



Fig. i8.—Effect of a stop on the image side of the lent 


In fig. 16 CC' denotes the axis of the lens LL, which is to produce an image 
of the object PQ at right angles to the axis. We set up the screen S in such a 
way that P', the imago of the point P on the axis, is sharp. As a result of aberra- 
tion and astigmatism the rays starting from tho object-point Q have their point 
of closest subsequent approach at Q', which lies nearer the lens than the screen 
does. Beyond Q' the rays diverge again and give rise to a bright spot of light, 
indicated in the figure by XY. The centre of this spot is R; this point is pro¬ 
duced by the central ray, 
which passes through the 
centre of the lens. If we now 
insert the stop BB on the 
image side of the lens a 
narrow cone is selected from 
the whole pencil of rays 
starting from Q; this now 
gives rise to a much smaller 
spot of light R' on the screen 
S. If R' coincided with R, 

R' would if sufficiently small 
produce an image which 
would be geometrically simi¬ 
lar to the object; but R' lies farther from the centre of the screen than R; 
hence the resulting image has its marginal parts spread out, i.e. the image 
is distorted. 

The degree of distortion is greater the greater the distance of the object 
from the axis of the lens, since the point of closest subsequent approach of rays 
from points remote from the axis is nearer the lens than that of rays from points 
near the axis. 

The explanation of the barrel type of distortion resulting from the inter¬ 
position of a stop on the object side of the lens is sufficiently clear from fig. 19. 
In this figure all the letters correspond to those in fig. 18. We easily see that 
u stop on the object side lets through only those parts of the pencil of rays that 
produce a spot of light on the screen lying nearer the axis of the lens than the 
point R which would give a geometricaUy BimjTar image. 

It follows from these considerations that a stop cannot fail to 
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cause distortion unless it is inserted in the path of the rays in such a 
way as to let through only those rays which pass through the optical 
centre of the lens. This is only possible in the case of optical systems 
containing at least two lenses; the stop must then be placed between 
the two. 

Here and above it has, it is true, been assumed that the principal points of 
the system are free from spherical distortion. As, however, photographic lenses 
of S3mimetrioal form, in which the central rays go through the principal points, 
give rise to very considerable distortion, the above conclusions must be modified 
according to the degree of distortion. 

The Tangent Condition. —^An image free from distortion of any kind (an 
orthoscopic image) must have the same magnification at every point. If PRQ 
is the object, P'R'Q' the corresponding image (fig. 20), wc must therefore have 



Fig. 20.—Formation of an undistorted image,of O at O' by an optical system with 
two stops requires the tangent condition tan a,/tan = tan Ixzn a/ 

= P'Q'/PQ or PQ/PR = P'Q'/P'R'. Now suppose there is a stop Sj 
between the object-point P on the axis and the optical system, and let the point 
0 on the axis be at the centre of its opening. Similarly, let there be a correspond¬ 
ing stop Sj at the point O' on the axis corresponding to 0, between the optical 
system and the point P' corresponding to P. Then the central rays of the pencils 
starting from Q and R must intersect at 0 before refraction and at O' after 
refraction. If the central rays QO and RO are inclined at angles aj and to the 
axis and the corresponding central rays after refraction at the angles a^' and 
aj', we have tanai ~ PQ/PO, tana 2 = PR/PO, and PQ/PR = tan ai/tana 2 . 
The central rays determine the points Q', R' on a screen perpendicular to the 
axis at P', and hence, by the foregoing, determine P'R'Q', the image of PRQ. 
Hence we must also have P'Q'/P'R' = tanaj'/tan ag'. The condition for distortion¬ 
less reproduction which we gave above accordingly takes the form: 

tanai ^ tana/ 
tanag tanas' 

In technical optics this condition, which has to be satisfied by rays inclined 
at a large angle to the axis, is called the tangent condition. It must not be con¬ 
fused with Helmholtz’s equation (p. 77); the tangent condition is a statement 
about the inclinations of the central rays at corresponding points on the axis, 
O and 0^ whereas Helmholtz’s equation is a statement about the inclinations 
of corresponding rays at the points P and on the axis. 



Plate XI 



C'li \ , 1 1 ^: IS InJistiMct imam <•* ntlwork obtained vMtlioiit a slop 




L’h. \', I'lK. 16 - ImaRC ot a network 
obtained bv usinj; a stop on the imajrc 
side of the lens (ciishion-shaptd dis¬ 
tortion ) 


L’h. V, Eig. 17 Inia^e of a network 
obtained bv using a stop on the obieet 
sidt of the lens (barrel-shaped distor¬ 
tion) 





Ch. VI, Fig. 13. - Foci in the Galilean telescope (p. 126) 


tOlS 


Facing p. j00 
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5. Refraction Phenomena considered from the point of 
view of the Wave Theory of Light. 

Light Ray and Wave Normal. —All our previous discussion has 
been based on the assumption that we can regard the path along 
which light energy travels as a geometrical straight line. It is, however, 
very instructive to consider the phenomena of refraction on the basis 
of the wave theory of light, and this point of view is very important 
if we are to gain a deeper understanding of refraction phenomena 
and a clear recognition of the limitations of the methods of geometrical 
optics. We are enabled to pass from one point of view to the other 
by the fact that the light ray, on which our constructions have hitherto 
been based, at every point of its course represents the normal to the 
wave front. 

The actual way in which refraction is pro¬ 
duced when wave motion crosses the boundary 
of a medium has already been dealt with in 
Vol. 11. (p. 248). In what follows we shall con¬ 
sider the most important special cases which have 
a special bearing on optics. 


Fig. 21.—^Refraction of parallel light by a prism Fig. 22 




Refraction of Light Waves by a Prism. —^We consider the case 
where the path of the ray is symmetrical (fig. 21). The wave surface 
of the parallel pencil of rays at a definite instant is the plane AB. It 
is moving forwards. In the position CD the lower part of the wave 
surface has already reached the prism PRS and thenceforward advances 
with diminished velocity. The wave surface (wave front) is gradually 
turned into the position EF and thereafter advances parallel to 
itself irntil its upper part again leaves the prism at H and travels on 
with increased velocity in air. There is a second rotation of the wave 
until the whole pencil of rays is advancing in the new direction from 
the position JK. 

To calculate the quantitative relationship between a, the refracting angle 
of the prism, the minimum deviation of the ray, and p, the refractive index, 
we redraw part of the figure separately in fig, 22. CE is the direction of the in¬ 
cident ray, DF the direction of the ray in the prism, i.e. the angle formed by CE 
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and BF is half the deviation of the pencil. The same angle S/2 is formed by the 
wave fronts CB, EF, which are at light angles to the directions of the rays and 
whoso continuations meet at W. Thus 


ZDEF = “ /.DW'E - 

80 that /ODE - 

Then sin CDE — sin 

sinDEF=.‘-m^-=®^. 

2 DE 


By division sin /ein ? — CE/DF. Tho ratio CE/DF is the ratio of the 
2 / 2 

velocities of propagation of light in air and in the prism, for tho paths CE and 
BP are described by the light in the same time. Now this latter ratio is equal 
to the refractive index of the substance of the prism; hence 


sm 


8 + a 


2 


SlU; 




in agreement with the equation deduced in Chap. Ill, § C (p. 62). 


The Optical Path. —Another noteworthy principle '' derived 
from fig. 21. Along the pencil of rays LO a num^ /e fronts 

have been drawn, the distance between each .a^cessivo fronts 

being so chosen that the time taken between u o successive positions 
is always the same. Wo see at once from the figure that the ray of 
light following the path ACEHJM requires the same time to traverse 
the distances between the wave fronts AB and MN as the ray 
BDFGKN does. Any other ray belonging to the pencil requires 
the same time. It follows that in order to fix the path followed by a 
pencil of rays in any medium, whether homogeneous or compound, 
we have the following principle: 

All parts of a pencil of rays take the same time to traverse the medium 
beliveen one wavefront and another. 

If wo bear in mind that a wave front is tho geometrical locus of 
all points vibrating in the same phase, there can of course be only one 
definite difference of phase between the points of two wave fronts of 
a pencil of rays. This phase difference, moreover, is a measure of tho 
time taken by the wave front to move from one position to the other. 
Thus the principle stated above is immediately obvious. 

This iirinciple is particularly fruitful when we are tracing the paths of tho 
rays of a homocentrio pencil of rays (p. 80) through various m^a by con¬ 
sidering tho paths of individual rays from one centre to the other. For at the 
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ccatrcs the wave surfaces of the homocentric pencils shrink to points. Hence 
the centres in which all the rays of the pencil intersect without aberration may 
themselves be regarded as wave surfaces. Hence the time taken for light to move 
from one centre to the other along any ray joining the two centres must be the 
same. If a light ray moving with velocity Cj, in the first medium describes a path 
of length l^y the time required is Z^/Ci. If the length of path in the second medium 
is 4 and the velocity of light Cg, the time taken in this medium is /g/cg. Hence 
to pass from one centre to the other the ray of light in question requires the 

time 4- + , *, -f- Suppose that another ray of the same homocentric 

l>encil traverses the distances 1^ in the same media. Then according 

to our principle we must have 

^ ^ _ P 4- 4- . .. -f hjL, 

Cl Cg Cl Cg 

If wo multiply the equation by c, the velocity of light in a vacuum, and remember 



Fig. 23.—Fonnation of an image vvithout aberration 


that c 'Cj =SB {Xx, c/c 2 = &c., where px is the (absolute) refractive index of the 

first medium, &c., we ohli^ 

/,u, J 4^2 + .V. + + . . . + ImV-w 

that is, for all rays of the homocentric pencil 

^ const. 

i 

Conversely, this condition is the sole condition for a homocentric 
pencil, i.e. a pencil such that all its rays pass through one point without 
aberration. If we call the product of the refractive index of a medium 
and the length of the path of the light in the medium the optical path 
(or reduced path), we may state the condition in words as follows: 

One point cannot he the aberrationless image of another {i.e. the rays 
from one point cannot he accurately recombined at the other) unless all 
the possible optical paths between the two points are equal. 

Formation of an Aberrationless Image of a Point by a Refracting Surface.— 

The theorem just stated makes it comparatively easy to discuss a problem 
which we have already referred to repeatedly, namely, the determination of a 
surface which will form an image at a given point B of a given object A, in which 
the rays are accurately recombined. Obviously this surface will be a surface of 
revolution with AB as axis; let it meet the axis at the point 0 (fig. 23), Let (a 
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be the refractive index of the medium surrounding the object and that of 
the medium surrounding the image. Then all the rays starting from A will not 
meet accurately at B unless iho sum of the optical paths, p,AP + fXiPB, is in¬ 
dependent of the position of the point P wdiero tho ray AP starting from A meets 
the refracting surface. Hence we must have 

[xOA [i^OB = (jlPA 4- iXiPB 

no matter what the position of P is. We denote OA by u and OB by r, and btnrling 
from O wo reckon these lengtlis positive in the direction in w^hich the light is 
moving (p. 40 ). Hence in lig. 23 w^e take OA as —w. We now'^ take (> as the 
origin of a system of rectangular axes and the optical axis AB as x axis; let tho 
co-ordinates of P be .r, y. Then PA —'\/{(—w -f- 4- PB = V f(v — .r)- 

and wo obtain the fundamental equation 

—y.u + HiW = — y.V{{u — xy + y-} + (x, V{(v — xf yj 

as the condition for freedom from aberration. If w^o interpret .r, y as current 
co-ordinates, the equation represents a curve of tho fourth degree.* Thus w^e 
have the following result: 

Ail aberrationless point image of a point can be produced by a surface of revolu¬ 
tion whose cross-section is a curve of the fourth degrte. 

The fundamental equation of tho cross-section includes all particular cases 
of the formation of an aberrationless image. 

(1) We first put (jl^ — —g.; instead of refraction wc then have the particular 
case of regular reflection. At the same time we must replace vhy —v (see above). 
Hence a mirror w^hich reflects without aberration has a cross-section given by 
tho equation 

u—v— v'{(« ~ xf + i/} + V{{-V — a-p + y^. 


This may be transformed into 



y^ii — 

4uv 



According as uv is positive or negative, this is tho equation of a hyperbola or 
an ellipse, the foci being A and B. If we let u increase without limit, i.c. let A 
move to infinity, the curve becomes a parabola. If -* n = 0, i.e. if 0 is the 
mid-point of AB, the equation becomes 

a; = 0, 


i.e. the curve becomes the perpendicular to AB at 0. Thus tho ellipsoid of 
revolution is the only reflecting surface which will form a real image of a real 
object without aberration, and the hyperboloid of revolution the only reflecting 
surface which will form a virtual image of a real object without aberration. The 
paraboloid of revolution represents a limiting case of both, and the piano mirror 
is a particular ease of the paraboloid of revolution. 

(2) We now make the left-hand side of the fundamental equation equal to 
zero, i.e. we take the point O between A and B in such a way that it divides 
AB in the inverse ratio of the refractive indices. The equation then becomes 

0 = — I* V{(tt — xf + if) -i- (ii — xf + y}. 

* The curves are known as Cartesian ovals, because the problem in question was 
discussed and solved by Descartes. 
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If we put PjV == pw, tins may bo transformed into 



This IS the equation of a circle. Hence tho surface 
aberration is a sphere. Wo thus c^btain the impor¬ 
tant optical theorem: 

For every spherical refracting surface there are 
tito points such that one is the aberrationless image 
oj the other 

Tho radius of thci sphere is + [F- The points 
V, B, (), and Oj (the second point of intersection of 
the sphcTical surface uith the axis (fig 24)) accoid- 
ingly dctc^rmine the distance's 

OA = OB - OOi- 

l-ii 1-^1 


which will refract without 


I ig 24 —The aplanatic points 
of a spherical surface 



O __ _ M 

‘ 1-^1 Bi(Bi 1^)' 

O.A- u- 

[X - [ij [X, -J- IX 




The two cases of apJanatic refraction by a spherical refracting surface 


These lengths have the ratios 

(^) ^ 

0,A w(gi~p) Pi-p.* 

nnd {x) ^ _ lfL±Ji. 

OiB ix)p 1^1 

In geometrical language, therefore, the points A, B, O, Oi form a harmonic 
range. Hence for a given spherical surface they may be found by dividing the 
diameter of the sphere in the ratio of tho sum and difference of the refractive 
indices. In figs. 25 and 26 the positions of A, B arc given for (x ~ 1, ~ 1 5. 

These two special points are called the aplanatic points (or aplanatic foci) of 
tho sphere. As we see from the two figures, either the object-point is virtual 
and the image-point is real, or, as object and image are always interchangeable. 



106 


ABERRATION 


tlu; object-point may be real and tlio image-point virtual. In order tliat such a 
path should be actually realizable when the refractive index of the sphere is 
the greater, i.e. when is greater than jr, it is necessary that only a part of 
the spherical surface should be used; this is done by embedding the object A 
in a medium with the same refractive index as that of the sphere (fig. 26). This 
ca.so is exemplified in the front lens of the mioroscopo apochromat objective 
(fig. 28, p. 140) due to E. Abbe. 

(3) In all other cases it is impossible to obtain wholly aberrationloss refraction 
with a spherical surface. If, however, we further limit the case to rays 'whicb 
meet the axis in the neighbourhood of O, we may regard in the fundamental 
equation as small compared with {u — x)^ and {v — x)^. If we take into account 
only terms of the second degree in yl{u — x) and y/(v — x), the expansion of 
the fundamental equation 


-V.U + + (“)■ 1 ' 


gives approximatrly 

0 (JLO; — 




2{u — X) 


-r 


2(v-x) 


Dividing the equation by y-/2 and rearranging, w'e liave 

l-ti 2i(iXi-ix) ji 

V — ic y^ n — x 

If we now put y'^ == 2rr, i.e. if w^e make the curvature of the refracting surface 
parabolic, so that the parabola has latus rectum 2r, i.e. radius of curvature 
r at the vertex, the equation takes the form 

-L P i ~ 

V -- X u — X ‘ r 


This equation becomes identical with the object-image relationship 

If -L (fkZUf, 

V M ‘ r * 

or V U + D, 

if w^e may also neglect x as com}>ared with u and v (when r is large). 

From these considerations it follows that a parabolic surface—and likewise 
a spherical surface, provided only that such small portions of the surface are 
used that they are indistinguishable from a parabolic surface (r large) -- represents 
an approximation to a surface giving aberrationless refraction, provided there is 
a limitation to axial rays. But whereas the general surface of the fourth degree 
is only devoid of aberration for a sirigle pair of points on the axis, these approxi¬ 
mation surfaces are capable of forming aberrationless images of a considerable 
part of the axis, namely, so long as the object-point and the image-point do not 
approach so close to the surface that x no longer vanishes compared with and 
V, Thus wc have on the one hand established our former object-imago theorems 
on the basis of the optical path and the ideas of physical optics, and on the other 
hand put a definite limitation to their range of validity. 

Refraction of Light Waves at Lenses. —^Let the point source G 
lying on the axis of a convergent lens (%. 27) emit a homogeneous 
pencil of rays. If we may assiune that B is an aberrationless image of 
6, the pencil of rays starting from G must on refraction at the lens 
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become the homocentric pencil of rays converging to the point B. 
The ray GN^NgB along the axis takes the same time to travel from 



Fig. 27.—Formation of an imago by a lens; wave fronts for a number of definite instants 


G to B as the ray GDB. The positions of the wave-fronts am shown 
in the figure for a number of definite instants. 

Curved Light Rays. —If the refractive indices differ only very 
slightly from one another, the change in direction of the light ray is 
also small. If a ray of light traverses a number of bodies in succession, 
vsuch that each one has a refractive index differing by only an infinites¬ 
imal amount from that of the preceding, i.e. if the refractive index 
varies continuously, the change in direction of the light ray is also 
continuous, so that the ray follows a curved path. 



Fig. 28.—Curved path of a ray of light passing 
through a layer of alcohol on top of water 


We can convince ourselves of 
tho truth of this by a simple 
experiment. Into a large plate- 
glass dish with a flat bottom we 
pour water and then cautiously 
add a layer of alcohol, so that 
there is a clearly visible plane 
boundary between the two 
liquids. If a ray of light falls 
obliquely on the boundary sur¬ 
face, it is refracted in such a way that its angle of incidence on tho alcohol is less 
than that in the water, as the refractive index of alcohol is greater than that of wat er. 
If we now let the dish stand undisturbed for a considerable time, the liquids 
gradually diffuse into one another (the mixing may also be brought about by 
careful stirring), the sharply-defined boundary vanishes, and an extensive region 
of transition is formed, in which each successive layer has a refractive index 
slightly exceeding that of the layer below it. Tho ray of light in passing from 
the uppermost layer consisting of almost pure alcohol to the lowest layer consist¬ 
ing of almost pure water is now subject to a gradual curvature. If we then let 
the ray of light fall on the liquid in such a way that it makes a very small angle 
with the successive layers, the curvature of the ray may be such that it turns 
upwards again (fig. 28). If tho alcohol is coloured by means of a little fluorescein, 
the path of the light is marked out by bright green fluorescence and may thus 
be observed very clearly. 

Tho explanation of tho curvature of the path of the light on the wave theory 
readily follows from fig. 29. The pencil of parallel rays L incident from the left 
has at a definite instant the plane wave-front AjAg. Now as the refractive index 
is greater in the upper layers of the liquid than in the lower (p.^ > (Xg), the velocity 
of the light in the upper part of the pencil, i.e. at A^, is less than in the low er 
part, at Aj. Hence the wave-front at a place reached by tho fight ray later 
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takes a form determined by the fact that is less than A 2 B 2 . It follows in 
the same way that the wavedroiits at the points reached subsequently ari* in¬ 
clined to the wave-fronts at points reached previously. Now as the tlirections 
of the rays of light are always at right angles to the wwe-fronts, it follows that 
tlie pencil follows a curved path. The pencil leaves the liquid in the diredioii 
]/. If we produce the directions oi the incident and refracted rays, they inlcrstH t 
at R. The pencil of rays accordingly leaves the liquid as if it were reflected at 
R. To an eye looking obliquely into the liquid the layer SR appears like a totally 
reflecting piano mirror. 

If (as in fig. 30) a number of rays start from a luminous point P in a stratified 
liquid, all those rays which meet the layers at only a small angle travel as shown 



Fig. 29.—“ Reflection ” due to cumture Fig. 30 —Double image due 10 cunatuic 

of the light ra>b of the light ia\s 


in fig. 28. Now it may happen that two rays Lj and starting from P are curved 
in such a way that they meet again at a point P'. If the eye of an observer is 
placed at P', the two rays enter the eye in different directions (Lj' and L,'). and 
hence the eye secs images^ of tho luminous point in the backward prolongations 
of both rays. These images are situated as if the rays Kj and Rj starting from P 
were reflected at the apparent reflecting surfaces SiSj and SjSj. 

We shall come back to this phenomenon w'hen explaining mirage (Chap. XI. 

§ 1, P- 262). 

Effect of Diffraction.—The occurrence ot refraction ijhenomena 
as a result of the velocity of the wave motion of light, which we have 
discussed in this section, is insufficient to explain all the relationships 
involved in the formation of an image. It is only when we take into 
account the interference of elementary waves which occurs in all 
these phenomena that we are in a position to give a complete account 
of the matter (Chap. VI, § 9, p. 144). 
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Geometrical Optics: Applications 

1. Some Applications of Convex Lenses. 

The Photographic Camera. —The photographic camera (fig. 1) is 
a light-tight box; its side walls often consist of a folded leather bag, 
wldcli enables the distance between the front and back of the camera 
to ])e varied. The front wall has an opening into which is fixed a 
convex lens or a collective system 
ol lenses (acting like a convex lens), 
called the objective (or simply the 
lens); the back wall consists of 
a ground-glass screen (focusing 
screen), which is replaced by the 
photograj)hic plate when a photo¬ 
graph is being taken. 

If we set the camera facing an 
object, the lens if properly focused 
will form a real image of the object. 

If the object is very distant the 
focusing screen must coincide with the focal plane of the lens. If the 
object is nearer, the camera must be extended, for the distance between 
the lens and the focusing screen must be increased in accordance with 
the equation 1/y = 1/zt + 1//, if a sharp image is to be produced. 

Defects in the Image. —^In taking a photograph, the imago produced must 
be similar to the object and all parts of the image plane must bo sharp. This, 
however, caimot be attained by means of a single lens, as the latter will always 
exhibit all the defects discussed in detail in the previous chapter: spherical 
aberration, astigmatism, and distortion. 

In addition, there is chromatic aberration, which wo shall not be in a position 
to discuss until we have dealt with the chromatic dispersion of light (p. 1(56). 

The defects of the objective w^hich we have mentioned are aU due to the fact 
that some of the ra 3 ^s forming the image traverse the lenses too near their edges, 
or that the objective receives rays from points remote from its axis, so that 
these rays are inclined at too great an angle to be regarded as axial rays. These 
defects can be partially got rid of by using a convergent system of lenses instead 
of a single lens, and, further, the effect of the marginal rays on the formation of 
the image may to a certain extent be prevented by inserting a stop or diaphragm. 

We explained in Chap. Ill, § 4 (p. 47) how stops or the mounts of mirrors 
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and lensea affect the brightness or size of the field of view. According to that 
discussion, we must first detemiino the position and magnitude of the aperture 
stop and then the field of view from the centre of the aperture stop. 

If a stop is plaeed immediately in front of the lens, it acts both as entrance 
pupil and apertiure stop. If, on the other hand, the stop is inside the lens system, 
its aperture is most simply found in practice by focusing for an object at in¬ 
finity and then replacing the focusing screen by an opaque screen with a small 
hole in the centre, lighted from behind. The rays from this point source leave 
the lens as a parallel pencil, giving rise to a bright circle on a piece of tracing- 
paper held immediately in front of the lens. This circle may be regarded as the 
aperture or entrance pupil; let its diameter be d. 

The field of view depends chiefly on the diameter of those lens mounts vhich 
act as field stops. The field of view on the image side may be found experimen¬ 
tally by determining the size of the bright circle produced on the focusing screen 
when the lens is pointed at the sky. 

Any point of the entrance pupil established by experiment may bo regarded 
as the vertex of a cone of rays whose b. ^e is the whole field of view on the image 
side. It follows that the brightness of \ he image on the focusing screen depends 
in the fiirst place on the number of points l 3 dng in the entrance pupil, that is, 
on the area of the entrance pupil; it is directly proportional to this area, i.e. 
proportional to the square of d, the diameter of the opening. The brightness of 
the image is also inversely proportional to the square of the distance of the 
illuminated surface from the source of light, i.e. in this case the distance between 
the focusing screen and the lens. For distant objects the distance between 
the focusing screen and the lens is equal to /, the focal length of the lens; hence 
the brightness of the image on the focusing screen is proportional to the square 
of the (juotient of the diameter of the opening and the focal length. This quotient 

d/f is called the relative aperture. The greater the relative aperture of a 
system, the brighter the resulting image. Nowadays it is possible to produce 
satisfactory photographic lenses with a relative aperture of 1 : 1 . 

Finally, owning to losses of light by reflection and otherwise, the brightness of 
the image also depends on the nature and number of the lenses of which tho 
objective consists; it is greater the smaller the number of lenses. It is very 
important to know the relative aperture of a photographic objective, as on this 
depends the ime of exposure, i.e. the time which is necessary to illuminate a 
photographic plate properly. For objectives of any one type we may make the 
following statement: 

The brightness of the image is pro^^ortional to the square of the relative aperture. 
Hence E, the time of exposure, is inreis(Jy proportional to the sqm/re of the relative 
aperture: 

TT! -- ^ 

where Z; is a constant of the lens system. 

The Magnitude of the Image. —^Let an object of magnitude ^ be at a great 
distance u from the first principal plane. Let tho ray from the tip of the object 
to the first principal point form the angle 9 with tho axis. Then tan 9 ’“- yju. 
As tho medium is the same (air) on both sides of the lens, the principal points 
and the nodal points coincide. The prolongation of the ray beyond tho second 
principal point is therefore inclined at the same angle to the axis. As the distance 
V is taken very large, the image of magnitude y' is situated at the focus. Hence 
tan 9 = —yV/# so that y' = —/tan 9 = —/y/«. 

Hero 9 is the apparent magnitude of the object (p, 79). For example, the 
apparent magnitude of the sun is 31'. Hence in a photograph of the sun the 
diameter of the image is y' = f tan 31'. This could be used to determine tho 
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focal length /. It is clear that to obtain large images systems of large focal length 
must be used. 

The Projection Lantern. —While the photographic camera forms 
a real image of a distant external object on the focusing screen or 
photographic plate in the neighbourhood of the second focus, the 
projection lantern * forms a real (magnified) image of an object (lantern 
slide) placed within the apparatus near the focus, on a screen outside 
the apparatus. 

As with any lens the positions of the object and image are interchangeable, 
any photographic camera may bo used as a projection lantern if the focusing 
screen is replaced by a lantern slide and the screen is set up at a suitable 
distance from the camera. 

In projection on a magnified scale the quantity of light emitted by 
the object is s])read over a larger area. Hence if the image on the screen 
3^ to be Buflicjently bright, the slide must be illuminated very brightly. 
A particularly powerful source of light is therefore used and the rays 
are directed in such a way that as much of the light as i) 0 ssil)le is 
utilized in producing the image. 

The projection apparatus is accordingly arranged as follows (fig. 2). A power¬ 
ful source of light L is placed in a light-tight box. In an opening in the box is 
fixed the condenser C, which is frequently a combination of two plano-convex 
lenses. At a definite distance from the condenser is fixed the objective 0 with 
the stop BZ inside. The cone of rays indicated by dots in the figure is made to 
converge by the condenser, so that a real image of the source of light is formed 
at the projection lens. The slide GO' is placed immediately in front of the con¬ 
denser; it is illuminated very brightly by the cone of rays from behind. A real 
image of the slide GG', wdiich acts as object, is formed by the objective on the 
screen SS'. The central ray of the cone of light vhich starts from the point A 
of the object and gives rise to the point B of the image is drawn in the figure. 

In most cases tbe screen SS' is so far away that the object GG' 
must be placed approximately at the first focal plane of the objective: 
hence the distance of the objective from the front of the condenser is 
approximately equal to the focal length of the objective. If all the 

* The projection lantern is a development of the “ magic lantern The German 
Jesuit Athanasius Kobchee was the first to set up various types of apparatus (1640 
onwards) by which magnified images could bo thrown on a wall by means of a conca^ e 
mirror (acting as a condenser) and a projection lens, using sun- or candle-light. The 
images to be projected were actually visible in the mirror in this case. About 1653 
the mathematician Andeisas Tacquet displayed “ Martmus’ journey from China to 
the Netherlands ” at Lowen by means of Kircher’s apparatus. Probably this was the 
iirat lantern lecture ever delivered. The first-known magic lantern with interchangeable 
pictures painted on flat glass plates (slides) and a two-lens objective was demonstrated 
by Thomas Walgenstein, a Danish student at Leyden who probably got the idea 
from Tacquet, in a number of cities in 1658 and subsequently, and created a great 
sensation, C. Huygens, who had dealings with Walgenstein, also possessed a 
proper magic lantern about that time. He even used a lens as condenser, whereas 
Walgenstein still retained the use of a concave mirror. 
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rays which are made to coiiver<?e by the condenser C are utilized in 
producing the image, the cone of rays must converge to the entrance 
jmihl of the objective; hence it is not a matter of indifference what 
tlie focal length of the condenser is. In order to make the rays travel 



symmetrically through the condenser, w^e bring the point of conver- 
genc*e of the rays passing through the condenser as far in front of the 
condenser as the source of light is behind it, i.e. the j^osition is chosen 
so that the point of convergence of light ])assing through the condense]^ 
is at a distance from the condenser equal to twice the focal length of 
the condenser. It follows that the mo'-t favourable arrangement is 

that in wdiich tw ice the focal length 
of the condenser is approximately 
equal to the focal length of the 
objective. 

In the so-called episcope (aco fig. 3), 
the image is not produced by the light 
passing through the image; on the con¬ 
trary, the object P is very strongly 
illuminated by a powerful source L by 
means of the concave mirrors R and T, 
and the light reflected by it is caused to form an image by the very accurate plane 
metal mirror S and the objective O, The imago produced by an episcope is in 
general much fainter than that produced by the ordinary projection lantern, 
as the illuminated object absorbs the greater part of the incident rays and scatters 
them in directions which do not contribute to the formation of the image. Hence 
episcopes require much more powerful sources of illumination. A combination 
of the episcope with the projection lantern is known as the epidiascope (fig. 3). 
Here the mirror T is fixed so that it may be rotated into the position T'. 

Size of the Image. —^We may reverse the steps of the argument used on p. 110 
to find the size of the photographic image of a distant object. We now have u 
as the distance of the imago from the second principal plane of the lens, y' the- 
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magnitude of the slide, y the magnitude of the image. Then y « If and the 
magnification y/2/'= —'w//. To obtain large images, therefore, we have 
to use an optical system of small focal length. 

2. The Human Eye. 

The Structure of the Eye. —The eyeball (fig. 4) consists from the 
physical point of view of an almost spherical chamber somewhat 
compressed between back and front, which is provided with a system 
of refracting substances acting as objective. By means of six muscles 
it may be rotated in the socket in any 
direction as if in a ball-and-socket joint. 

The outer coat of the eyeball is the 
white sclerotic S, which is very firm and 
strong and serves to defend the eye 
from injuries. The front part of the scle¬ 
rotic is trans¬ 
parent and is 
known as the 
cornea (C). 

The sclerotic is 
coated on the 
inside with the 
dark-coloured 
choroid A, 
which con¬ 
tains both the 
blood - vessels 
supplying the 
eyc‘ and a dark layer of pigment which 
siii(‘lds the interior of the eye from 
scattered light. In front the choroid 
merges into the iris I, which has a hole 
ill the centre (the pupil). On the inner 
side the choroid merges into the rose- 
coloured retina E, which consists of the branchings and terminations 
of the optic nerve. Fig. 5 shows a highly magnified section through 
the retina. The retina consists of a series of complicated layers. The 
side indicated by the arrows is next the light. The layer actually 
sensitive to light is marked L; it consists of a very large nmnber of 
rods E, and cones C, which, cmriously enough, are directed away 
from the light. 

The point of the retina exactly opposite the pupil, known as the 
fovea centralis, contains the greatest number of cones and is the most 
sensitive portion of the retina. The surroimding region, on account 
of its colour, is known as the yeUow spot or macula lutea (YS). At 

( E CX 8 ) 9 
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through the c\c 
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the point where the optic nerve enters the eye there are no nerve 
endings. This point (BS) is insensitive to light and is known as the 
blind spot. The blind spot lies on the nose side of the yellow^ spot. 

We can convince' ourselves of the existence of the blind spot by looking 
steadily at the cross in fig. 0 with the right eye, holding the figure about 20 cm. 
from the eye. The round spot then vanishes, as its image falls on the blind spot 
(fig. 7). That ve are not ordinarily disturbed by the existence of the blind spot 
is chiefly due to the fact that we look at objects vith the two eyes simultaneously. 

+ 9 

Fuf. 6 .—To demonstrate the existence of the bhnd spot 


Behind the iris lies the crystalline lens (L in fig. 4), a transparent 
horny body diminishing in refractive index towards the interior. 
For the sake of simplicity, we may take 1*4085 as an average value for 
the refractive index. The crystalline lens has approximately the form 
of a blimted ellipsoid of revolution, its rear surface being somewhat 
more strongly curved than the front surface. The 
crystalline lens divides the interior of the eye into two 
regions of unequal size; the anterior chamber AC between 
the crystalline lens and the cornea is filled with a 
colourless liquid (the aqueous humour) wdth a refractive 
index equal to that of water, while the region betw^een 
the crystalline lens and the retina contains a transparent 
jelly-like substance (the vitreous humour) whose refrac¬ 
tive index is nearly equal to that of water. The line 
joining the centre of the pupil or the vertex of the 
cornea to the centre of the yellow spot is termed the 
optic axis; it is at right angles to all the surfaces 
bounding the refracting parts of the eye. 

The Eye as an Optical System. —When rays of light 
enter the eye they are refracted at the three refracting 
surfaces, the cornea, the front surface of the lens, and 
the rear surface of the lens. In a normal or emmetropic * 
eye at rest, rays entering parallel to the optic axis are 
made to converge to the yellow spot; the latter is 
therefore the focus of the optical refracting system. When at rest 
the eye sees very distant objects sharply. 



1 ig. 7.—To illus¬ 
trate the experi¬ 
ment with fig. 6 


Dimensions and Cardinal Points of the Eye.—According to A. Gullstkand, 
the following are the average values for the emmetropic eye. The length along 
the axis from the front of the cornea to the yellow spot is about 24 mm. The 
cornea is 0*6 mm. thick, and its refractive index is 1*376. The radius of curvature 

* Gr., en, a prefix intensifying the significance of the idea represented by the follow¬ 
ing syllable of the word; metron, a measure; ops, the eye, so that emmetropic means 
seeing aecuralely. 
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of its front surface is 7-7 mm. at the vertex and that of the rear surface 6*8 mm. 
The liquid in the anterior chamber, the aqueous humour, has the refractive index 
1*336. The refracting power of the system consisting of the cornea and the 
a(pieous humour is 43*05 dioptres. The radius of curvature of the front surface 
<;»f the lens is 10 mm., that of tlie rear surface 6 mm. From the age of twenty 
years onwards the lens may })e subdivided into an outer or cortical layer and a 
jnicleus. The mean refractive index of the outer layer is 1*386, that of the nucleus 
is 1*406. The refracting power of the lens is 19*11 dioptres. The optical system 
(‘onsisting of the cornea, the aqueous humour, and the lens has a total refracting 
power of 58*64 dioptres. The first principal point lies 1*35 mm. and the second 
principal point 1*60 mm. behind the front of the cornea. The aforesaid refracting 
power corresponds to a focal length of 17*06 mm., so that the first focus lies 
17*06— 1*35 -- 15*71 mm. in front of the foremost part of the cornea. The 
vitreous humour behmd the lens has the refractive index 1*336. The second 
locus of the optical system just mentioned lies 24*39 mm. behind the front of the 
cornea, so that the second focal length is 24*39 — I*60 ™ 22*79 mm. (This focal 
length is 1*336 times the first one; see p. 76.) 



Fig. S«~ Listing's reduced eje (B) and the nodal point K 


According to Listing, the three refracting surfaces may for optical purposes 
he replaced by a spherical surface B (fig. 8) whose centre of curvature K lies 
near the rear surface of the lens. Hence the path of a ray of light S entering the 
i^ye parallel to the optic axis HH may be constructed by making the ray run 
parallel to the axis until it meets the spherical surface B and then joining the 
point of intersection to the yellow spot. The eye thus simplified is called the 
Teduced eye. All the rays of light NN' which pass through the centre of curvature 
K of the spherical surface just described traverse the eye without change of 
direction. The point K is called the nodal point of the reduced eye. (The actual 
nodal points of the eye are determined by the focal distances and the positions 
of the principal planes; cf. p. 83). 

The Sensitiveness of the Eye. —The photosensitive retina of the 
eye serves as a screen for the images produced by the optical system. 
Not all parts of the retina are equally capable either of detecting 
minute light stimuli or of recognizing the finer details of an object 
under examination. The maximum capacities for the two types of 
-sensation are associated with different parts of the retina. 

The capacity for recognizing as many details as possible in an object 
iimder examination is in other words the capacity of being able to 
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perceive as separate two small but optically distinct point-objects 
which are close together. The measure of this power is called visual 
acuity. It may be expressed quantitatively by the reciprocal of the 
angle included by the rays from two points when these can still be 
just seen as two (p. 28). Visual acuity is greatest by far at the yellow 
spot, decreasing rapidly towards the retinal margin. By movements 
of the eye and head the eye is accordingly directed in such a way that 
the image of the object to which attention is directed and on which 
the eye is focused falls on the yellow spot. Vision by means of the 
yellow spot is called direct vision, vision by means of other parts of 
the retina indirect vision (see § 4, p. 121). 

If we wish to examine an extended region of the object, we usually cause 
eye to rotate rapidly in its socket. The optic axis then successively passes over 
the various parts of the object under examination, and it is only the succession 
of accurately-seen partial images that gives us a general idea of the object. The 
central rays of the pencils entering the eye from separate elements of the objeef. 
intersect at the centre of the pupil. This, then, is the meeting-point of the 
visual rays in indirect vision, and hence the centre of perspective of the con¬ 
figuration formed by the visual rays. If the eye is moving, the central rays for 
successive positions of the eye meet at the point about wiiich the rye is rotating. 
These rays ma\' be called the lines of sight.'*' The centre of the perspective in 
space formed by the lines of sight, on which our perception of space depeiKb-, 
is the point about which the eye is rotating. 

By the sensitiveness of the eye we merely mean its capacity to be 
so stimulated by a definite luminous flux that the stimulus is still 
perceived as brightness of a definite intensity. As we are not immedi¬ 
ately in a position to compare the sensations of brightness for different 
colours, this must be done according to the methods of hetorochromatic 
photometry (p. 28). In this way w^e obtain the results shown in 
fig. 19, p. 31. As a measure for the threshold value of the luminous flux 
which just gives rise to the sensation of light, we may take the reciprocal 
of the quantity of light which a point source, e.g. a star, must send 
to the eye in order that it may just be consciously perceived. This 
threshold value varies very much according to the circumstances, 
and in particular depends largely on colour. The least quantity of 
energy perceptible as light is about 2.10“^^ ergs, provided the eye 
has been at rest in the dark for a long time previously (dark-adapted 
eye). It has been found that the yellow spot is by no means the most 
photosensitive part of the retina. We can convince ourselves of this 
by trying to pick out a very feeble star in the night sky. It is found 
that such stars are not seen by direct vision, but are seen by indirect 
vision by looking at a ])oint close to but not coinciding with the ex¬ 
pected position. That is, the portions of the retina surrounding the 
yellow spot are more sensitive to very feeble light stimuli than the 


* G^r., BlicJclinien, 
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yellow spot itself. This peculiarity seems to be due to the absence of 
rods from the yellow spot of the normal eye; that is, the rods are 
probably the most photosensitive elements of the eye (Chap. XII, 
§ 2, p. 270). 

■\Yhcn the light is feeble, vision takes place wholly by means of the rods, i.e. 
is indirect; objects appear colourless {twilight vision). The greater the stimulated 
area of the eye, the less the intensity which can still bo perceived. For small 
< objects viewed by the rods, the threshold value S is equal to C/ 9 *, where C is 
a constant and 9 the angle subtended by the object. On this depends the 
possibility of improving vision in twilight by means of a telescope, although the 
latter has the effect of somewhat enfeebling the brightness of extended objects 
(pp. 129, 136). 

3. Accommodation: Spectacles. 

Curvature of the Lens. —The most marked refraction to which the 
incident rays are subject takes place on entering the cornea. Tlie 
•deviation produced by the lens is only trifling. The lens chiefly acts 
as a correcting organ. To the lens is attached a ring-shaped muscle, 
the ciliary muscle, by which the curvature of the lens may be increased. 

This })roccss of increasing the curvature of the lens has been explained })y 
ll. Hia.MHOLTz and A. Gullstrand. The lens is fixed to two thin membranes. 
T]k‘ lirst is the thin transparent hyaloid membrane, w^hich lies on top of the 
retina throughout the interior of the eye and encloses the vitreous humour. 
It merges into the rear part of the Jens, to which it is attached along a circ le 
■whose plane is normal to the axis of the lens. Between this membrane and the 
' iharv part of tlio retina there is inserted a second membrane, the suspensory 
ligament. It is peculiarly folded like a niff and forms a wwy line along the 
5 »uter membrane of the lens, being fixed to the lens capsule. It is firmly fixed to 
fhe middle (equatorial) parts of the lens; over a great part of the lens the ivavy 
junction-line runs backwards and forwards over the circle of greatest diameter 
f>f the lens (equator). The sus})ensory ligament is also connected to the ciliary 
processes which run into its folds; t^se processes are connected to the ciliary 
muscle. According to Gtjllstrand, the suspensory ligament is in a state of elastic 
tension in the eye at rest, and by its elastic pull increases the greatest diameter 
of the lens (equator), so that the lens, following the pull, is elastically deformed 
and its front and rear surfaces become flattened. By the contraction of the 
ciliary muscle the ciliary attachments of the suspensory ligament, especially the 
parts going to the front surface, are displaced towards the lens. The tension of 
the suspensory ligament is thereby reduced, its pull on the lens slackens, and 
hence the elastic deformation diminishes; the lens becomes thicker along its 
axis, and its surfaces, particularly the front one, become more curved. This 
relaxation can only go on until the suspensory ligament is slack. The greatest 
•curvature of the lens occurs then (even although the ciliary muscle may contract 
further). 

The mean radius of curvature of tbe front surface of the lens of a 
young normal eye (p. 115) varies between 10*4 mm. when the ciliary 
muscle is not contracted (when the suspensory ligament is fully 
stretched) and about 5*7 mm. when the suspensory ligament is quite 
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slack. If the curvature of the lens is considerably increased, the devia¬ 
tion of the rays passing through it is made greater; parallel rays are 
then reunited in front of the retina, while rays which are divergent on 
entering the eye can be niado to meet on the retina. Hence the eye 
has the capacity of forming a distinct real image on the retina, 
even when the object is at a Unite distance. 

Accommodation. —The power of the eye to alter its focal lengths 
to suit the distance of the objects observed is called the focusing 
power or accommodaiioyi of the eye. 

Tho change in focal length of the lens occurring in the proc(‘Si:i of accommo¬ 
dation is not, however, entirely duo to the change in the curvature and in parti¬ 
cular to that of the front surface. On tho contrary, the peculiar structure of 
the Ions also plays a part, according to Gullstrand’s researches. The substance 
of the lens, in fact, is not homogeneous, but consists of a large number of very 
fine membranes lying one above another like tho coats of an onion and all con¬ 
tained in the lens capsule. The refractive index of these membranes increases 
towards the centre. In the process of accommodation, the membranes are subject 
to relative displacements, the inner layers becoming relatively thicker than tho 
outer ones, and the result is that the mean refractive index of tho lens alters 
to a considerable extent, from 1*400 when the eye is unaccommodated to 1*426 
when the accommodation is a maximum. 

The Far Point.—normal eye is capable of making rays from an 
object at infinity meet on the retina without accommodation, i.e. 
it gives rise to sharp images of distant objects on the retina. The 
far point of an emmetropic eye, i.e. the most distant point which can 
still be seen clearly by the eye, therefore lies at infinity. A normal 
eye is always focused on the far point when accommodation is not 
being used. 

The Near Point. —In the normal eye of a young person the lens 
may be altered so that it can produce a sharp image on the retina 
even when the object is as near the eye as 10 cm. The nearest j)oint 
to which the eye can focus is called the near point. Accommodation 
to very near objects is liable to strain the ciliary muscle, giving rise 
to pain in the eye. As the eye is accustomed to focus for a distance 
of 20 to 30 cm. (the distance of the book from the eye in reading or 
writing), we do not find that tlie ciliary muscle is strained for this 
distance. The distance 25 cm. is called the least distance of distinct 
vision. 

Far-sightedness. —Eyes whose power of accommodation is so 
slight that objects can only be seen clearly when they are further 
than about 30 cm. from the eye, i.e. whose near point is more than 
30 cm, from the eye, arc said to be far-sighted, if the far point is still 
at infinity. Rays entering a far-sighted eye from an object G less than 
30 cm. away (fig. 9) do not meet until they reach a point behind the 
retina, so that there is a circle of confusion (C) on the retina instead of 
a point image. The retinal images of objects are then blurred. If a 
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convergent lens L is put in front of the far-sighted eye, the rays from 
near objects, which are too divergent, are made less divergent or even 
parallel, so that they appear to come from a more distant point, for 
which the far-sighted eye can be focused. For reading, the far-sighted 
person has to wear spectacles with convex lenses, their focal length 
being smaller the more far-sighted he is. 



Fig. gii—raill of the rays in a far-sighted eye with and without spectacles 


In old age the eyes become far-sighted and hypermetropic (see bclo^^) as a 
result of the lessened elasticity of the lens. Eyes which have become far-sighted 
as a result of age are called presbyopic.* Hence old people have to wear convex 
glasses for reading or must hold the page far away from them. 

Long-sightedness or Hypermetropia. —If an eve can only unite on 
the retina such rays as are convergent on entering the eye, it is said 
to be long-sighted or hy'permetropic.^ Its far point and its near point 
are virtual objects lying behind the eye. A hypermetropic eye is alto¬ 
gether incapable of forming a sharp image on the retina of objects in 
front of the eye. Hence the person with hypermetropia must wear 
convex glasses even for distant vision; these will make parallel rays, 
and also the divergent rays proceeding from objects at a finite distance, 
converge before entering the eye. 



Fig. 10.—Path of the rays m a short-sighted c>e with and without spectacles 

Short-sightedness or Myopia. —^If the eye causes parallel rays to 
meet at a point D in front of the retina (fig. 10), it is said to be myopic:^ 
there is then a circle of confusion (C) on the retina. Sharp images of 
objects near the eye are produced on the retina. The far point of the 
myopic eye lies at a finite distance, usually quite close to the eye. 
In high degrees of myopia the near point may lie within a fe^v centi¬ 
metres of the eye. Short-sighted persons whose far point lies nearer 
the eye than 25 cm. must use spectacles even for reading. Glasses for 
short-sighted people must be concave, in order that the point of meeting 

* Gr., preshySf old. 

f Gr., hyper, over. 

t Gr., 7)iyo, I close the eyes. Short-sighted people half close the eyes in order to see 
more clearly (cf. the effect of a stop). 
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of the rays may be shifted farther back, so that the rays may diverge 
more strongly on entering the eye, as if they came from a point between 
the near and far points of the eye. 

Short-sightedness cannot bo overcome by attempts at accommodation, as 
the curvature of the lens is always increased, but can never be diminished, by 
tiio contraction of the ciliary muscle. If a short-sighted person wears no glasses, 
serious damage to the eye and even detachment of the retina may result from 
the attempts of the eye to move the retina nearer the point where the rays meet. 
Tlie negative focal length of the glasses of short-sighted persons must be smaller 
the greater the degree of short sight. 

Short-sightedness may be duo either to too great curvature of the refracting 
surfaces or to too great length of the eyeball from back to front. It may result 
from too prolonged use of the eye at short distances (e.g. reading) in youth, 
owing to the accommodation, usually considerable, which is reqtxired. 

Dioptric Power. —Spectacle glasses are distinguished by their refracting 
power measured in dioptres (p. 65). 

The dioptric poivcr of a lens is the reciprocal of its focal length in metres. 

For convex lenses it is positive, for concave lenses negative. 

Astigmatism. —^Many eyes exhibit congenital astigmatism (see Chap. V, § 2, 
p. 92). This defect may bo overcome by means of spectacles with astigmatic 
lenses. If the eye were normal apart from the astigmatic defect, i.e. if the far 
point were at irdinity for rays in some plane through tho axis, the defect could 
bo overcome by a cylindrical lens of a form which would remove the far point 
in the plane through the axis at right angles to the first to infinity also. As a 
rule, however, congenital astigmatism is associated with some other defect, 
e.g, short sight. The spectacles must then consist of lenses differing in curvature 
in two planes at right angles to one another. Nowadays lenses with toric sur¬ 
faces are used. A toric surface is the surface obtained by rotating an arc of a 
circle about an axis which lies in its plane but docs not pass through its centre. 
Jn order that satisfactory results may follow from tho use of astigmatic glasses, 
it is necessary that the axes of the astigmatism of the eye should first bo care¬ 
fully determined and that then the glasses should be fixed in tho spectacle-frame 
in such a way that their own principal planes of astigmatism coincide with thoR(5 
of the eye. 

When ordinary spectacles are worn the astigmatism of oblique pencils 
(p. 93) has a disturbing effect. The person wearing spectacles does not see objects 
sharply through them unless he looks through the centres of the lenses in the 
direction of their axes. If he keeps the spectacles fixed and rotates tho eye in 
its socket, only oblique pencils with astigmatic distortion can pass through the 
spectacles into the eye. It is very frequently observed that short-sighted persoils 
when looking intently at an object deliberately look obliquely through their, 
glasses, often through the outer margins. This is a sign that their eyes are astig¬ 
matic. By experience they have acquired the habit of looking at things obliquely, 
since in this position tho astigmatism of the oblique pencils of light exactly 
compensates the astigmatism of the eye, or at least reduces it to a minimum. 
The fact that far more than half of all short-sighted persons have the habit of 
looking obliquely through their glasses indicates on the one hand that congenital 
astigmatism is very common. On the other hand, it also indicates that the astig¬ 
matism of oblique pencils is very readily perceptible when glasses are used. As 
a result persons with a high degree of myopia when wearing glasses entirely lose 
the habit of rotating the eye in its socket; when looking at an extended object 
they give the eye the required directions by moving the head. This is the ex¬ 
planation of the peculiar fixed look which they have when they take off theif 
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■glasses. Hence the recent introduction of glasses which diminish or remove the 
astigmatism of oblique pencils represents an important advance. The astigma¬ 
tism may be diminished by meniscus lenses (p. 60), a lens thinner at the centre 
than at the edges being used for short sight, and a lens thicker at the centre than 
at the edges for long sight. Such glasses arc said to form “ pimctal ” images. 
The astigmatism of oblique pencils is more completely removed by the so-called 
punctal glasses,'^ the surfaces of which do not possess spherical curvature. These 
non-spherical glasses may be imagined as formed by adding a small portion of 
the refracting substance to the spherical surface in every direction so as to alter 
the refraction slightly, and thus remove the astigmatism. When in use, these 
glasses obviously must always retain the same prescribed position relative to 
t he point about which the eyes rotate. 

4. The Visual Angle. 

The Visual Acuity or Resolving Power of the Eye. —If in vision 
only one cone is excited, we have the sensation of a single luminous 
point. Hence if the object is so small or so distant that its image does 
not fall on more than one cone at any one time, we cannot recognize 
any detail in the object the resolving power of the eye is insufficient. 
The magnitude of the retinal imago of an illuminated object depends 
on the magnitude and distance of the object. The cones are most 
•closely packed together in the yellow spot; here the distance between 
them is only about 0*004 mm. A retinal image of this magnitude is 
formed when two rays entering the eye (at the nodal point) include 

angle of one miniite.;^ This happens, c.g., whcui rays enter the eye 
from two points 0*3 mm. apart at a distance of 1 m. from the eye. 
If a pair of points at a distance of 1 m. are more than 0*3 mm. apart, 
their image falls on two distinct cones and they are accordingly seen 
as two separate points (see p. 28). On the other hand, it is still possible 
to detect the relative displacement of two suitably constructed straight 
lines when this displacement only amounts to about 10" (the principle 
of the vernier). 

The Visual Angle. —The angle subtended at the eye by rays from 
two separate points is called the visual angle or apparent magnitude 
fp. 79) of the line joining the two points. The magnitude of tho 
retinal image depends solely on the apparent magnitude. Two objects 
A and B perpendicular to the optic axis at distances a and b from the 
oye have the same apparent magnitude if A/a = B/6. This ratio is 
the tangent of the visual angle. 

In vision with one eye (for the phenomena of binocular vision, sec Chap. 
XII, § 4, p. 276) we can only form a judgment about the value of the visual angk', 
i.e. of the ratio of the actual magnitude of an object and its distance; hence wo 
<*annot deduce its actual magnitude unless we loiow its distance, or its actual 
distance unless we know its magnitude. If we know neither of these quantities 

* First calculated by M. von Koiie for the Carl Zeiss optical works in Jena. 

t Euciin (300 B.o.) noticed that it appears “ round ”, 

X The discovery that tho resolving power reaches its limit for a visual angle of 
V was made by Hooke in 1674. 
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by experience, we may be completely deceived as to the actual magnitude and 
actual distance of the object. 

As the tangent of the visual angle of an object is the quotient of its magnitude 
and its distance, the visual angle may be increased in two ways, either by increas¬ 
ing the size of the object or by diminishing its distance from the eye. Bringing 
the object nearer the eye has the same effect on the size of the retinal image as 
increasing the size of the object. If, then, we wish to see the details of an object, 
we must bring it so close to the eye that the visual angle associated with the 
details to be distinguished exceeds one minute. This process, however, is subject 
to the limitations imposed by the refracting parts of the eye: an object may not 
be brought nearer than the near point of the eye, otherwise its image will be 
blurred. 

5. The Hand-lens or Magnifying-glass. 

Object Nearer the Eye than the Near Point. —Let the point U 
(fig. 11) lie on the optic axis between the eye and its near point. A 
ray of light starting from G (shown dotted) meets the surface repre ¬ 
senting the spherical surface of the reduced eye (§ 2, p. 115.) at C. 



Fig. 11 .—^Path of the rays when a hand lens is used 


Owing to the too great divergence of the light rays coming from G 
the refracted ray only cuts the optic axis at a point H lying far behind 
the retina. CH may even diverge from the optic axis. By means of 
a convex lens L placed immediately in front of the eye, the path of 
the ray may be so altered that it falls on the yellow spot N. 

Even a ray GD leaving the point G at a greater angle to the axis will reach 
the yeUow spot by the path GDCN. The ray DC entering the oyo is inclined 
at an angle which appears to be that of a ray starting from the point B. If B is 
the near point of the eye, the eye in conjunction with the lens L can still see th(* 
point G as a point (without a circle of confusion being formed). The eye without 
the lens L would not see the object sharply unless it were moved back to B. 

Magnified Image at the Near Point. —Let an extended object have 
the actual magnitude denoted by GG' or BG" (fig. 12). If the object 
is at G, it subtends the angle ijj = GKG' at the eye; if the object is 
at B, the angle is BKG". The size of the retinal image is propor¬ 
tional to the tangent of the visual angle, which in future wo shall 
replace by the angle itself measured in radians, as the angles used 
are small.* 

* The deductions made here are true only for rays inclined at a small angle to 
the axes. 
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The subjective magnification w (p, 79) is determined by the ratio of the 
two visual angles and 9 ; hence 

_ GC//KG 

9 BG'VKB KG u 

Here KG is the true distance between the eye and the object (i/), while KB is 
the distance between the eye and the virtual image j)roduced by the convex 
lens L (v). If wc now assume that the lens L is held so close to the eye that we 



may regard the nodal point of the lens as coinciding with that of the eye, the two 
quantities u and v, both of w^hich are to be taken as negative here, are related 
to /i, the focal length of the lens, by the general Ions equation (p. 41) 

— I// 1 , whence vju = 1 - 1 - vjfi. 

The subjective magnification produced by the hand-lens is therefore 

1 + jr. 

Jl 

If we hold the hand-lens immediately in front of the eye and look 
at the object through it, using the greatest accommodation possible, 
we bring the object to a finite distance such that the image BB' lies 
at the near point of the eye. If wc call the distance of the near poir.t 
from the eye d, the magnilicatioii is 

w -^-^1 + 

Jl 

Hence it follows that when a hand-lens is used in conjunction with the fully- 
accommodated eye, its magnifying effect is greater the smaller its focal length 
and the greater the distance of the near point of the eye from the eye. The hand- 
lens is therefore most useful to far-sightod persons; in the case of sliort-Highted 
persons, for whom d is small, the magnification is only trifling. 

Magnified Image at the Far Point. —Frequently it is uecessar}^ to 
consider the process of magnification by a hand-lens from a somewhat 
different point of view. Let an object BG" (fig. 12) be at the distance 
BK ™ V from the nodal point of the reduced eye. Its apparent magni¬ 
tude (f> is given by If its image on the retina is of magnitude 
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y\ we have <f> — jl, where I is the distance of the point K from the 
retina. Now suppose a magnifying-glass is interposed between the 
object B6" and the eye. Let the object be moved away imtil the eye 
can see its image in the iiiagnifying-glass without any accommodation. 

As a matter of fact all optical insfriiments are most effectively used with the 
unaccommodated eye. This is tnio of the microscope and telescope as well as of 
the magnifying-glass. According to A. Gullstrand, however, inexperienced 
users, and especially children, are apt to accommodate for near vision quite un¬ 
necessarily when they use these optical instruments. 

The magnifying-glass must then make every point of the object 
give rise to a parallel pencil of rays, so that the image produced by the 
magnifying-glass may lie at infinity. If this is to be the case, however, 
the object GG' must lie in the focal plane of the magnifying-glass 
away from the eye, i.e. at a distance/from the eye. If from G', the 
point of the object farthest from the axis, we draw the ray through 
the first principal point (through the centre of an infinitely thin mag¬ 
nifying-glass) its inclination to the axis is where ip ™ G'G//. Hence 
in the image space of the lens this is the inclination of the whole 
pencil of rays which diverges from G and reaches the eye as a parallel 
pencil. The object accordingly has the apparent magnitude ip. An 
image of magnitude y" is thrown on the retina of the unaccommodated 
eye. Then ^ — y^jl^ if we assume that the change of accommodation 
from that for the distance v to that for the far point has not noticeably 
altered the distance of K from the back of the eye. In looking twici^ 
at the object, first at the distance v from the eye and without the 
glass, and then with the glass, the eye being at its focus G, we are 
conscious of the magnification given by 

^ y' f I V f 

If we repla ‘e 1// by D, the refracting power of the magnifying-glass 
in dioptres, we obtain 

VO ^ vD, 

The magnification jn'odneed hy a hand-lens when used with the un¬ 
accommodated eye is the product of the distance of the object when loohed 
at without the lens and the refracting power of the lens. 

Here v is to be measured in metres if 1) is measured in dioptres. 

The factor v is a perfectly arbitrary quantity and depends on the distance 
of the object from the eye before the lens w'as used, or in other words, what 
image was used as a comparison in reckoning the magnification {individual 
magnification). It is conventional to use the “ least distance of clear vision ”, 
taken as 25 cm., for v. This being settled once and for all, we should have iv — 
D/4 {conventional magnification); the magnification would then be always equal 
to a quarter of the refracting power of the lens. 
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Verant ” Lenses. —Hitherto we have assumed that the magnifySng-glass 
is being used with the eye at rest. This applies to strong magnifying-glasses. 
These can only be corrected for regions near the axis and give sharp images of 
such regions only. Hence we involuntarily look through the lens in the direction 
of the axis; if we wish to see another point of the object clearly, we direct both 
eye and lens at that point without altering their relative positions. In this case 
the central rays of the pencils from various points of the object meet at tlie centre 
of the pupil of the eye. 

If, however, the magnifying-glass is to give a wider field of view, Avhich of 
course can only be attained for small magnifications, this assumption no longer 
suffices. In looking over the image of the object, the eye then rotates in its socket. 
The central rays must therefore intersect at the point about w'hioh the eye rotates. 
Hence the spherical aberration and chromatic aberration (p. 167) of a lens used 
in this way may be got rid of by ensiuring that in every position the eye receives 
pencils of rays free from distortion and astigmatism and in the correct direction. 
The necessity of such correction relative to the point about which the eye rotates 
was lii'ht pointed out by A. Gxtllstkand. Glasses fulfilling this condition were 
calculated b^^ M. vox Bohr m the Zeiss works at Jena and made available com¬ 
mercially under the name of Verant lenses. 

Centre of Perspective of a Photograph. —As the point about which the eye 
rotates is the centre of perspective lor our three-dimensional vision (p. 116), a 
picture docs not give us the proper impression of space unless the central rays 
from the picture meet at the point about which the eye rotates and are inclined 
at the same angles to one another as if we were looking directly at the object 
depicted. Otherwise the picture appears distorted or the relative magnitudes 
seem to be VTong. The image which a photographic lens forms of a very distant 
object lies in its focal plane. The centre of perspective is the first focus; for 
if the centre about which the eye rotates lies at the first focus of the photographitj 
lens, the eye secs every image-point of the second focal plane through the lens 
exactly at the same distance and by rays making the same angle with the axis 
behind the lens as the object originally photographed did in front of the lens. 
Hence if we are to gain a natural impression from a photograph, the picture 
should be looked at through a lens with the same focal length as the camera 
lens. If wo look at the picture in any other way with the naked eye the picture 
will not seem correct imless we can imitate the effect of the lens by suitably 
acccjinmoJating the eye; otherwise the impression must always be impaired 
owing to the relative magnitudes being incorrect. It is in fact very surprising 
how well a photograph stands out even when looked at by a single eye when 
this is assisted by an ordinary magnifying-glass. For examining photographs, 
Verant lenses of suitable focal length are specially made; when these are used 
the picture must be at one focus and tho point about which the eye rotates at 
the other. The same result is of course obtained if a suitably enlarged proof is 
made of a photograph and examined by the naked eye. 

6. Telescopes, 

The object of telescopes or telescopic systems (see p. 88) is to 
increase the size of the retinal image of a distant object, i.e. to in¬ 
crease the angle subtended by the object at the eye, without altering 
the accommodation of the eye. As an object at an infinite distahee 
sends parallel rays to the eye a normal eye sees the objcict without 
accommodation, whether a telescope is used or not (accommodation 
for infinity). It follows that rays which are parallel on entering the 
telescope must still be parallel when they leave it. 
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The two main types of telescopic system are (1) the Galilean tele¬ 
scope, which consists of a convergent objective (with a positive focal 
length) and a divergent eyepiece (with a negative focal length), and 
(2) the astronomical telescope, which consists of a convergent objective 
and a convergent eyepiece. 

The Galilean Telescope, (a) Construction ,—In the Galilean’^ tele¬ 
scope (fig. 13, Plate XI t) a convergent objective L^ and a diverg(nit 
eyepiece Lg are combined in such a way that the second focus of the 
objective coincides with the second focus of the eyepiece. 

The convergent objective L^^ has the focus F. The light rays enter¬ 
ing the objective parallel to its principal axis are refracted so as to 
converge at the focus F. The divergent eyepiece Lo, which is to render 
the rays parallel again, has its second focus at F. It follows that /, 
the distance of the eyepiece from the objective, i.e. the length of the 
Galilean telescope, must be equal to the difference of the focal lengths 
of the objective and the eyepiece: 

l-fx-U 

(b) Path of the Rays ,—The path of the rays in the Galilean telescope 
for any ray (not parallel to the axis) is shown in fig. 14. The two lenses, 

the convergent objective and 
the divergent eyepiece, are 
placed coaxially. Their com¬ 
mon focal plane is F^Fj. 

If an observer with the 
eye at rest looks through a 
Galilean telescope, only those 
rays are concerned in the 
formation of the image which 
enter P, the pupil of the eye, 
the latter being immediately 
behind the eyepiece. 


Ft 



Fig. 14.—^To illustrate the path of the rays in the 
Galilean telescope 


* Galileo was not the first to construct a telescope of the type now^ known by 
his name. The discovery is ascribed to one or other of the Dutch spectacle-makers, 
Zachaeias Jansen (1604), or Feanz Lippeeshey of Middelburg. The latter applied 
for a Dutch monopoly on 2nd October, 1608. Galileo heard of the discovery and 
thereupon made experiments on the combination of two lenses; in May, 1609, he 
succeeded in constructing a telescope. Galileo’s chief contribution w^as the improve¬ 
ment of the telescope, as those made by him were far superior to the others available 
at the time. They enabled detailed astronomical observations to be made; these 
attracted an immense amount of attention and led to extremely important conclusions 
about the heavenly bodies. 

t Fig. 13 was obtained by photographing the path of the rays as follows: first 
th(‘ paths of the rays were photographed as produced by the objective alone, i.e. 
without the eyepiece Lg; another exposure was then made on the same plate after 
the eyepiece La had been inserted, making the rays which converged to F in the former 
export ire parallel again. 
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Only those rays which after refraction pass through A, the centre of the 
pupO, can be central rays. Let DA be such a ray. As it also passes through the 
centre of the eyepiece, it suffers no change of direction. If prolonged further, 
the ray DA would meet the focal plane FjFi at C. If we draw the subsidiary 
axis NN passing through C and the centre of the objective, wo know that the 
ray DA b(d’oro entering the objective must travel parallel to this axis (as C, its 
point of intersection with the subsidiary axis NN after refraction, lies in the 
focal plane F^Fi). We thus obtain the direction of the incident ray S by drawing 
SD parallel to NN. If the objective were not there, SD would go on as a straight 
line and moot the principal axis at E; hence E must lie in the entrance pupil 
£P. Thus we may summarize the foregoing as follows: 


Tlie prolongation of the ray S meeting the objective mtersects 
the axis of the telescope in the entrance pupil E at the angle <^. This 
is the angle which the distant object from which the ray S comes 
would subtend at the eye if there were no telescope present. The 
ray DA which travels through the telescope and enters the eye inter- 
sects the axis of the telescope in the exit pupil A at the angle tp. This 
is the angle subtended at the eye by the same object when the lattcT 
is observed through the telescope.* 

(c) Magnification.—The magnification of the visual angle is (p. 79) 

0 DO/OA_ OE 

^ DO/OE OA’ 

the length of the telescope, As E is the centre of the en¬ 

trance pupil, A is its virtual image produced by the objective; hence 

OT^ 

we have the equation 1/OA = 1/OE + I//i. It follows that ^ --- 

f 

and as OA ™ we have 

■w ^ 

4> f z 


the subjective magnification w ■ 


■PC ’.. Here OA is 


In the Galilean telescope the vnagnification is equal to the quotient of 
the focal lengths of the objective and the eyepiece, 

(d) The Field of View. —The field of view on the image side is 
limited (in the case of an eye at rest) by the rays which enter by the 
outermost edge of the objective and pass through A, the centre of the 
pupil of the eye. The objective is thefiM stop of the Galilean telescope. 
Fig. 15 (Plate XII) is from a photograph of the paths of an axial pencil 
oi parallel rays and of a pencil of parallel rays passing through the 
edge of the objective. 

If the radius of the mount of the objective is r, the angle d(‘ter- 
mining the field of view on the image side is given ly ip r/{/i “ /a)? 


These statements are subject to alteration if the eye is moved; the central rays 
then intersect not at the centre of the pupil but at the point about which the eye 
arotates. 
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by fig. 14. The angle determining the field of view on the object side* 
is accordingly 

1 r __ / > r 


tv 




From this equation it follows that the field of view on the object side 
diminishes in the same ratio as the magnification increases^ the length 
of the telescope remaining the same. 

In actuality the calculated field of view cannot be completely 
utilized. If while using the telescope we move the eye about, the rays 
which limit the field of view intersect not at the centre of the pupil 
but at the point farther back about which the (‘ye rotates. This reduces 

the maximum aperture 
of the field of view on 
the image side (2i/r) 
in fig. 14 and hence 
also the maximum 
aperture of the field 
of view on the object 
side (2<^). 

(e) The Brightness of 
the Image. —In the foi- 
mation of the image ol 
any point, only that pencil of rays is concerned which after refraction 
enters the pupil P (fig. 16). If the telescope were not there this pencil 
would pass through the entrance pupil as a pencil of parallel rays. 
Hence the brightness of the image of a single ])oint is determined by 
the size of the entrance pupil. The radii of the entrance pupil and of 
the pupil of the eye (p, p respectively) are connected by the relation- 
ship pjp CD/CA — filfi. As fjf, — w, it follows that 



Fig. 16 - 


-The entrance pupil EP and the exit pupil AP of the 
Galilean telescope 


p -pw, 

B, the brightness of the telescopic image of a single point, is pro¬ 
portional to the luminous flux reaching the eye from the object and 
hence to the area of the entrance pupil EP, i.e. proportional to rrp^ 
hence the brightness of the image may be written 

B oc 

The pupil of the eye acts as an aperture stop when the Galileati telescape 
is used. The brightness of the image of a point is proportional to the 
square of the radius of the pupil of the eye and the square of the magni- 
fication produced by the telescope. 

The Galilean telescope increases the vistial angle and the brightness of single 
points of the image simultaneously. If we look at the night sky through an opera* 
glass (which consists of two Galilean telescopes side by side), we see a considerably 



TELESCOPES 


12D 


larger number of fixed stars than we do with the naked eye. This is not due to 
the visual angle of a star being increased, as it is still infinitely small, but is due 
to the increase in brightness. As the magnification of the visual angle has the 
effect of moving the individual points farther apart, however, there is no increase 
in the surface brightness of the field of view or of an extended object. The trifling 
losses occurring in the passage of the light through the lenses of the telescoj )0 
are of no great consequence. Hence the brightness of the image produced by 
the Galilean telescope is one of its great advantages. Accordingl,y it is frequently 
selected for use in observing feebly illuminated objects, o.g. as a night-glass or 
an opera-glass (see also p. 117). 

The Astronomical Telescope. —In the astronomical telescope * 
(fig. 17) the two convergent lenses, the objective and the eyepiece, 
are set coaxially in such a way that the second focus of the objective 
coincides with the first fo(‘us of the eyepiece. As a result the rays 
SS parallel to the axis cojiverge to F after refraction at the objective 
and, div^erging from F, impinge on the eyepiece. Here they are again 
refracted, in such a way as to leave the eyepiece parallel to the axis. 



Fig. 17.—Path of lli«. in me astronomical telescope (diagrammatic) 


The purpose of the objective is to form a real image of a distant object in its 
fot.i] plane. This image is then observed through the eyepiece, the latter acting 
as a nia( 2 nif\iug-glass. Thus if the image on the focusing screen of a camera 
is looked at throiiLdi a magniiying-glass, the combination of instruments repre¬ 
sents an astronomical telescope. 

In the ai^lro7iomical telescope the distance of the eyepiece from the 
object ire, i.e. the length of the telescope (J), is equal to the^siim of the focal 
lengths of the objective and the eyepiece: 

(a) Aqyeriare Stop. —In actual astronomical telescopes the objective 
invariably has a long focal length and the eyepiece a short focal length, 
so that ill our discussion we shall assume this to be the case. From 
fig. 17 we see at once that the diameter of the incident pencil of parallel 
rays SS bears the same ratio to the diameter of the pencil of rays 
emerging from the eyepiece of the astronomical telescope as the focal 

* The astronomical telescope, which consists of two convex lenses, is described by 
Kkpler in a treatise on optics which appeared in 1611, but Kepler himself never 
made or used it. It was first constructed by the Jesuit father Christiajt Soheiner 
in 1615. SoHi^BR also pointed oui that by using three lenses a telescope can be 
constructed whicn is suited to the observation of terrestrial objects, the image being 
1 hen right side up (“ terrestrial ” telescope, p. 133). 

(P 6lS) 
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length of the objective does to the focal length of the eyepiece. If tho 
apertures of the lenses are to be fully utilized, therefore, the diameters 
of the objective and the eyepiece of a properly constructed telescope 
must be in the ratio of the focal lengths, i.c. the two lenses must have 
the same relative aperture (p. 110). 

The aperture of tho eyepiece must not greatly exceed the diameter of the 
pupil of the eye, otherwise some of the rays will not enter the eye. If, for example, 
we assume that the focal length of the objective is ten times that of the eyepiece, 
tho diameter of tho emergent pencil of rays is only a tenth of that of tho incident 
pencil of rays. Let the diameter of the pupil of the eye, he 6 mm. Then if 
the pupil and the mount of the objective are to limit the incident pencil to the 
same extent, the diameter of the objective must be 6 cm. In actuality the telescope 
is xisually so constructed that the diameter of the objective mount is smaller 
than the ratio stated above. It follows that in this case the quantity of light 
entering the telescope is determined by the mount of the objective alone. 

The mount of the objective usually forms the aperttire stop of the 
astronomical telescope. 



Objectiye 

Fig. x8.—Magnification produced by the astronomical telescope 


(6) Exit Pupil. —^In the case which usually occurs in practice (fig. 18), 
the central rays from all points of the object, even those farthest 
to either side, pass through the centre of the objective; they are then 
refracted towards the axis by the eyepiece and intersect the axis 
where the image of the objective formed by the eyepiece is situated. 

The optical image of the objective is therefore the actual exit pupil 
of the telescope. 

In some astronomical telescopes which give an image of great intensity (night- 
glasses), this exit pupil may be larger than the pupil of the eye. In this case the 
pupil of the eye is the aperture stop. If the eye were at testy i.e. if indirect vision 
were used, a telescope would be completely utilized if tho image of the objective 
aperture produced by the eyepiece fell on the pupil of the eye. But as we examine 
the field of view the eye rotates in its socket. Hence if the eye is moved all the 
central rays do not enter the eye unless the exit pupil of the telescope lies at 
the point about which the eye rotates; the exit pupil must then be greater than 
the pupil of the eye. 
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(c) Magnijication. Tlio relationships are illustrated in fig. 18. 
NO is the central ray from a point on one side of the object through 
the centre of the objective (it is at the same time a subsidiary axis 
of the objective). The prolongation of NO meets the eyepiece at D 
and is refracted to the point B on the principal axis. Let B (the point 
about which the eye rotates) be at a distance x from the eyepiece. 
The incident rays form the visual angle NOC ^ 9 with the axis of 
th(^ lelescopf'; when looked at through the telescope the same point 
oi the object subtends the angle DBO “ iff. The ratio of the magni¬ 
tude of the retinal images with and without the telescope is the sub¬ 
jective magnification w (p. 79) of the telescope. 

From fig. 18 it follows immediatelv that 

9 X 


' .iis B is the real optical image of the objective, produced by the 
-<‘yepiece of focal length/g, we have the general lens equation (p. 67) 


w hence 
hence 


1 

X 


/x+/. /; 

A. 

w ^ 


The magnification of the astronomical telescope is equal to the quotient 
‘oj the focal lengths of the objective and the eyepiece. 



Fig. 19.—Field of view on the object side in the astronomical telescope 


The Field Stop. —^In the common focal plane we set up a material 
.^screen, which lets through only the central rays. As a real image of 
the infinitely distant object is produced in the common focal plane, 
the screen set up here limits the field of view. It is the act ml field stop 
of the astronomical telescope. 

The field of view on the object side is limited by that pencil of rays whose 
<5entral ray S (fig. 19) passes through 0, the centre of the objective Lj, and grazes 
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the edge of the stop B. If the radius of the opening of the stop is d, the visual 
angle on the object side is determined by 



The area of the field of is proportional to the square of this expression. 
Hence the field of view on the object side in the astronomical telescope is directly 
proportional to the aperture of the stop and inversely proportional to the square of 
the focal length of the objective; it is independent of the focal length of the eyepiece 
and of the aperture of the objective. 

The visual angle (8) on the image side (fig. 19) is determined by the 
magnification: 


Hence 


5 - 



d 


ft 



Fig. 20.—Telescope with equatorial 
mounting 


The field of view on the image side in the 
astronomical telescope directly proportioJtal 
to the aperture of the stop and inversely pro¬ 
portional to the square of the focal length of the 
eyepiece. 

(In the Galilean telescope it is the diameter 
of the objective that determines the field of 
view.) 

“Peephole” Observation. -If the exit 
pupil of the astronoraieai telescope can be 
got to coincide with the point about which 
the eye rotates, the whole field of view can 
be utilized even when the eye is moved, 
whereas in the Galilean telescope moving the 
eye restricts the aperture of the field of 
The construction of the instrument, however, 
does not always permit one to place the eye 
near the real image of the objective mount 
produced by the eyepiece; the exit pupil then 
lies in front of the point about which the e\e 
rotates. The field of view of the telescope 
can in this case only he looked at through this 
little circle, as if through a window; the field 
of view is limited, as it were, by a peopholr. 
To examine as large a field of view as 
])ossible, it is useless to rotate the eye in tlio 
socket; on the contrary, one must move the 
head and the eye from side to side in order 
to catch rays which pass through the hole 
obliquely. 


Position of the Image. —Fig. 18 shows that the angles ^ and iff 
are on opposite sides of the axis; hence it follows that an object looked 
at through the astronomical telescope appears inverted. 

Equatorial Mounting of Telescopes.—In observatories telescopes are usually 
set up as shown in fig. 20. The telescope can he rotated about the axes tm and 
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hh, and hence can be in anv direction (this being determined by declina¬ 

tion and right ascension (Vol. ], p. 26)). The axis au is parallel to the earth’s 
axis and is called the polar axi^ of the telescope. To this axis is attached clock¬ 
work which rotates it onoe in every twenty-four (sidereal) hours in the direction 
opposite to that in which the earth rotates, i.e. rotates the axis in the direction 
in which the fixed stars rotate. Then if the telescope is focused on a particular 
star, that star continues to bo visd>le iu the telescope {equatorial mounting). 

The Terrestrial Telescope.* To ^et rid of the inversion of the image 
in the astronomical telescope, which is often a troublesome drawback, 
another convergent lens (the erectwg lens) is inserted between the 
objective and the eyejhece (fig. 21). 

The objective causes the parallel rays SSS entering the telescope to meet 
at the point A of the focal plane passing through Fj, the focus of the objective. 
From here they diverL^e and are again made to converge at B by the erecting 



lens. If the distance of the focus Fj of Ihe objective from the erecting lens is 
<loiible the focal length of the erecting lens (as is assumed in the figure) the point 
B also lies at a distance from the erecting lens equal to twice its focal length, 
on the other side of the axis. From here the rays again diverge and fall on the 
<^yepiece. If B lies in the first focal plane of the eyepiece, the rays are parallel 
when they leave the eyepiece and enter the pupil of the eye. (Z is the ]:)oint 
about which the eye rotates.) 

The rays then enter the eye from the same side of the axis of the 
telescope as they would if the object were observed without the tele¬ 
scope; when looked at through the telescope the object now appears 
right way up. 

In the case specially discussed here, where the point B is at the 
same distance from the erecting lens as the point A, the distance of 
the focal plane of the objective from the focal plane of the eyepiece 
is equal to four times the focal length of the erecting lens. The astrono¬ 
mical telescope must therefore be lengthened by this amount if it is 
to be transformed into a terrestrial telescope by the addition of au 
erecting lens. 

If f is the focal length of the objective, f the focal length of the 

* Described by Kepler about 161 !• 
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erecting lens, and/" the focal length of the eyepiece, /, the length of 
the terrestrial telescope, is 

V' -t/". 

Hence a terrestrial telescope is always inconveniently long. 

The terrestrial telescope is also subject to a further disadvantage. The rays 
passing through the centre of the objective do not pass tln‘ough tho centre of the 
erecting lens; hence the erecting lens may itself act as a field stop and diminisii 
the field of view. Finally, tin' rays refracted through its margin are rcsponsilile 
for an increase in the spherii'd aberration and distortion. 

Note, 'J'Jie above illustniTion of the structure of a terrestrial telescope is 
iliagrammatic only; actual terrestrial telescopes ditfer from it in many ways. 
If we arraiiLM' twx) astronomical telescopes end to end so that the exit pupil ol 
the first coinoid(\s A\ith the entrance pupil of tho second, this combination also 
gives an erecting telescope, the reversal of the imagi' btang brought about by 
the eyepiece of the first telescope and the objective ol the Ncc<aul. 



Fig. 22.—Path of the ray.s in the prismatic 1 ig. 23.—Abbe’s prismatic telescope 

telescope 


The Prismatic Telescope.*—^Tlie image may also be made erect by 
nutans of totally reflecting prisms (fig. 22), which at the same time 
enable the telescope to be made considerably shorter (fig. 23). 

The rays entering tho objective in the direction shown by the arrows are 
totally reflected at the two side faces of a right-angled prism; their direction is 
reversed, and they return parallel to their original direction and fall on a second 
totally reflecting prism, whose refracting edge is at right angles to that of the 
first prism. Here the direction of the rays is again reversed by double reflection; 
they noAv proceed in their origmal direction, but displaced to one side, and pass 
through the eyepiece of the telescope. 

The two reflections in tho first prism alter the relative positions of tho rays 
in such a way that rays which are originally above the principal axis and parallel 
to it subsequently ho below it. The reflections in tho second prism similarly 
cause an ioterchange of left and right. Tho double exchange exactly reverses 
the relative positions of the rays; hence the image of the object, which without 

The use of erecting prisms was discovered as early as 1850 by Ignazio Pobro- 
an Itahan engineer w"ho resided chiefly in Paris, and soon afterwards attempts were 
made in Paris to make prismatic telescopes, but were given up owing to failures due 
to faulty melting of the glass and insuflficient accuracy of polishing. Thus tho 
discovery was soon completely forgotten. In 1893 E. Abbe reinvented the prismatic 
telescope, and the first prismatic telescopes of practical use were made in the Zeiss 
works. Abbe first heard of Pokbo’s attempts through the Gorman patent office, which 
brought them back to the light of day and on their account refused Abbe a patent. 
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the two reflecting prisms would appear inverted, is reproduced in such a way 
as to correspond exactly with the object as regards both up-and-down and left* 
and-right. 

In view of its shortness, the prismatic telescope is often made in duplicate for 
use by both eyes at once (binoculars), and is employed for opera-glasses or fleld- 
glassea. 

As (he rays entering the telescope are laterally displaced, the objectives 
may l)c placed fartlier a])rirt than the eyepieces. The result is that an observer 
can look at a landscape through prism binoculars as if his eyes wctc farther 
apart. This makes th(^ relief of the landscape stand out more clearly (Chap. XLl, 
§ 4, p. 278). In tlie tck'stereoscope or relief telescope the distance between the 
objectives is ma(l(‘ particularly large. In the periscopes used in submarine's or in 
trench warfare th(' lolding-up of the path of the rays by means of totally reflecting 
prisms is used to bring the objective to a convenient position for observation. 

Nole.—In other applications of the same principle the two prisms arc replaced 
by a single “ erecting prism ” of special form; the prismatic telescopes of many 
makers contain silvc'r mirrors instead of totally reflecting prisms. 


The Reflecting Telescope.—The objective of the astronomical 
telescope may also be replaced by a concave mirror. As an example 
of one of the numerous possible types 

of construction, fig. 24 shows a __ 

type due to Newton. The rays ^ ^ 

reflected by the concave mirror are I 

displaced to one side by a small __r ^ 

plane mirror, and the image produced 

1 j-i 1 • 1 1 i. Fig. 24.—Prinuple of Newton’s reflecting 

by the latter is observed through telescope 

the eyepiece. The plane mirror is 

so small that it does not materially impair the brightness of the image; 
peculiar diffiuctioii effects, however, are sometimes produccfl by its 
mount (fig. 36, Plate' XII). 


Fig. 24.—Principle of Newton’s reflecting 
telescope 


Although the importance of the reflecting telescope was somewhat diminished 
])y the invention of achromatic lenses, at the present time it is one of the astro* 
nonuT’s most poAverful aids to investigation, now that it is possible to product' 
and mount large-size mirrors of the extraordinary degree of precision which is 
necessary. On Mount Wilson in California there is a reflecting telescope of dia¬ 
meter 258 cm. and focal length 12-9 in., by means of which important new results 
bearing on the structuro ot the universe have already been obtained (Vol, V), 
A reflecting telescope about 7 m. in diameter Ls under construction at the same 
place. 


Applications of the Telescope, {a) Use of the Telescope in Astro¬ 
nomy .—In order to understand how the telescope acts when a distant 
object is observed through it, we must distinguish between the two 
cases: (1) when the object, though very distant, still subtends a measur¬ 
able angle at the eye, (2) when as a result of extreme remoteness of 
the object the angle subtended at the eye falls below the value given 
in § 4, p. 121, even with the strongest magnification attainable, i.e, 
the object appears as a single point. The latter case occurs e.g. when 
we observe a fixed star through a-telescope (p. 129). Both to the naked 
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eye and througli a telescope a fixed star appears as a point, or rather 
as a minute disc surrounded by diffraction rings (p. 145), so that there 
can be no question of actual magnification of a single fixed star. 
Nevertheless, a telescope does serve a useful purpose in the observa¬ 
tion of fixed stars; it magnifies the distances between stars and 
increases their apparent brightness. 

WTien a fixed star is observed with the naked eye, only that coiu' 
of rays enters the eye which has the opening of the pupil as base (the 
pupil is the aperture stop); whereas when an accurately constructed 
astronomical telescope is used, the retinal image is produced by the 
whole cone of rays which has the objective as base (the objective 
is the aperture stop). Hence point objects are brighter in the ratio 
which the size of the objective bears to the size of the pupil of the 
eye; in a correctly constructed telescope this ratio is the square of 
the magnification. The uniformly bright background, or an extended 
object, can at most reach its natural brightness (p. 129). Hence with 
the telescope we can see fixed stars which owing to their feeble intensity 
are no longer perceptible to the eye, but still as points of light only. 
The same is true for the reflecting telescope. 

It is for this reason that telescopes "with objectives of very great diameter 
are used in observatories (see p. 147). In order that the spherical aberration due 
to rays entering the marginal regions of the objective may not be excessive, the 
obje(Jtive must not be strongly curved, i.e, it must have a very long focal lengtii. 
The two reasons are together responsible for the giant dimensions of the telescopes 
xised in modern observatories. The objectives of the four largest refractors m 
the world have the following dimensions: Yerkes Observatory, Williams Bay, 
Wisconsin, diameter 102 era., focal length 19 m., Lick Observatory, Mount 
Hamilton, California, diameter 91 cm., focal length 18 m., Meudon Observatory, 
near Paris, diameter 83 cm., focal length 16 m., Astrophysical Observatory, 
Paris, diameter 80 cm., focal length 12 m. See also above. 

In addition to the brightness, the resolving power of the telescope (p. 121) 
increases as the diameter of the objective is increased. Hence the larger the 
diameter of the objective, the greater the ease with which the two constituents 
of a double star can be observed separately. It is found in practice that the least 
angular distance between two stars which are still separately distinguishable is 
<p — 116"jd, where d is the diameter of the objective in millimetres. The critical 
value d/116" is taken as a measure of the resolving power. For an interference 
method of obtaining very high resolving power see pp. 20L202. 

The use of very high magnification is subject to a good many limitations. 
The reason Lies in the unsteadiness of the air, the irregular mingling of warmer 
and cold currents, which causes the ray of light to be bent irregularly here and 
there, so that the objects under observation appear to move about. The iiTegular 
sparkling or scintillation of the fixed stars in the night sky, which is visible even 
to the naked eye, arises in the same way and serves to illustrate the disturbing 
offocts (cf. p. 261). The largest modem telescopes are therefore erected on moun¬ 
tains in woodland areas. The magnification of a telescope is also limited to a 
<‘ertain value (about 1600 diameters) by unavoidable errors of aberration. 

(b) Use of the Telescope to observe Objects near at hand .—Hitherto 
we have assumed that the objects looked at through the telescope 
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^re so remote that the rays entering the telescope from a point 
of the object may be regarded as parallel. Now telescopes may also 
be used to observe objects at a finite distance. In this case the distance 
between the eyepiece and the objective must be increased so that the 
real image of the object produced by the objective coincides with the 
first focus of the eyepiece when the eye is focused for infinity, i.e, 
]s used without accommodation. Hence the telescope must be pulled 
out farther the nearer the object is. 

(c) Crosfi-vnres, Graticnlef^.--hi telescopes used for quantitative 
work cross-wires are placed at the point where the real image of the 
object is situated; to an observer looking through the telescope, these 
ap]>ear to coincide with the object. The cross-wires consist either of 
two tine threads (from the egg-cocoon of the garden spider), one vertical 
und one horizontal, intersecting exactly on the axis of the telescope, 
or of a system consisting of several horizontal and vertical threads. 
The cross-wires may be replaced by a scale produced by engraving 
on glass with a diamond-point, etching, or photography, by means of 
which the magnitude of the visual angle may immediately be read 
oil against the separate parts of the object. Such scales are known 
as graticules, or, in this particular case, as eyepiece micrometers (see 
also Vol. I, p. 15). 

7, The Microscope. 

Construction.— The micro.scope, like the astronomical telescope, 
consists of a convergent objective and a convergent eyepiece. The 
essential difference between them is that the rays entering the objective 
do not start from an object at an infinite distance, i.e. do not enter 
as parallel rays. The object lies near the first focus of the objective 
at a distance greater than the focal length. The second focus of the 
objective and the fii'st focus of the eyepiece do not coincide as they do 
in the Galilean telescope, but are at a definite distance A apart (the 
optical tube-length (p. 86)). 

The purpose of the objective is to produce a real and highly magnified image 
of an object placed very near its focus. This image is viewed through the eye¬ 
piece, which acts as a magnifying-glass. If, therefore, the image thrown on a 
screen by a lantern is looked at from the bank through a magnif^ung-glass, the 
<3ombination of projection lantern and magnifying-glass is essentially a micro¬ 
scope. 

In fig. 25 0 is the centre of the objective and FgFg, FjFj are its focal planes; 
if is the centre of the eyepiece and Fg'Fg', F^T^' are its focal planes. Let the 
focal length of the objective be/^ and the length of the eyepiece be/o. The object 
is at a distance from the objective greater than its focal length. 

Path of the Rays. —^We shall trace out the path of an arbitrary 
ray starting from an object-point G which does not lie on the principal 
axis CC'. To determine the direction of the refracted ray, we draw 
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the subsidiary axis NN parallel to Gl). The ray meeting the objective 
at D passes through the intersection of this subsidiary axis with the 
focal plane and meets the eyepiece at E. If we then draw the 
subsidiary axis N'N' through O', the centre of the eyepiece, parallel 
to DE, and join its point of intersection with the focal plane F/F/ 
to E, we obtain the refracted ray, which cuts the principal axis at J. 



Fjg. 25 —Path of the rajs, 111 the microscope 


Aperture Stop.—The pencil of rays btarting lioni the point G of the object 
has its angular aperture limited by the mount of the front lens of the objective' 
(or by a stop included in the objective system behind this lens); this mount (or 
the stop) is therefore the aperture stop of the microscope. 

Exit Pupil. -Wo construct the eyepiece image of this aperture stop of the 
objective by joming OE and determining the direction of the refracted ray EA 
by means of the subsidiary axis parallel to OE (not drawn in the figure). A is 
the centre of the image of the aperture stop. All the ia\a which pass througli 
the objective and fall on the eyepiece also pass through the image of the aperture 



stop; the central rays of all the pencils forming the imago must therefore intersect 
at A. The imago at A of the aperture stop is the exit pupil of the microscope. 
If the observer’s eye is to receive as many as possible of the rays passing through 
the microscope, it must accordingly be in such a position that the exit pupil at 
A coincides with the pupil of the eye. 

Field Stop.—Wo obtain all the rays which start from the point G of the 
object and share in the production of the image by tracing out the course of the 
cone of rays whose vertex is at G and whose base is the objective; this is shown 
in fig. 26. The diverging cone of rays entering the objective is brought to a point 
at B. The rays thereafter diverge again, and, as B lies nearer the eyepiece than 
its first focus, they are still divergent when they leave the eyepiece. The base 
of the cone of diverging rays is the exit pupil previously indicate. 
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B, the point to which the coue of raya converges, is the real image of G pro> 
duced by the objective. In tliih position a stop B/ is set up, which limits the 
real image. This stop is a jkhl for if the opening of the stop is made small, 
it is only central rays GB starting from points very near the axis that get through 
the microscope. 

Lateral Magnification.-- The real image B (fig. 2G) is produced very close to 
tlu' local plane 

n th(‘ image B c-oincided exactly with the focal plane (fig. 27), the rays 
euK iLong trom th(‘ eyepiece would be parallel; to an eye at A it would yj)pear 
as il the ra}s came from an infinite distance, so that no accommodation would 
be letpiired. The iniero.seope is frequently adjusted in such a w ay that the virtual 
image appears at the lo/ust- distance of clear vision. (According to other exp(Ti- 
ments, observers more frequently use an accommodation of 1 to \\ dioptres in 
iookiiig through an optical instrument (p. 124)), Hence the rays on emerging 



Fig. 27.—Tiie apparent magnitude of the image seen through the microscope 

from the eycj)iece must appear to diverge from the point which marks the least 
distance of distinct vision. As compared with the small focal length (only a foAv 
millimetrt's) of the eyepieces used in microscopes, how^cver, the least distance 
of clear vision (25 cm.) is always to be regarded as e(,>mparatively large. Hene(' 
B, the point from wliich the pencil enteiiug the ey(‘piece diverges, ahvays lies 
very close to the second focal plane of the eyepiece. 

The distance (3) between the two neighbouring foci within the microscope, 
the optical tube-length, is always large (it is usually about 16 cm.) compared 
with the focal lengths of the objective and the eyepiece (wliich amount to a few 
millimetres at most). The second focus of the microscope as a whole is the ic'ai 
image of the second focus of the objective. Owing to the length of the tube, 
howwer, this latter focus and the aperture stop are both at ‘‘ gxoat(and nearly 
equal) distances from the first focus of the objective (great, that is, in comparison 
with the focal length of the eyepiece). Their images, i.o. the second focus of the 
whole microscope system and the exit pupil x\, lie very close to one another in 
the neighbourhood of F^', the second focus of the ej^'epiece. 

Hence if tlie eye placed at A sees tlie image formed by the micro¬ 
scope at the distance d equal to the least distance of distinct vision, 
~d may without appreciable error be taken as equal to x\ the distance 
of the image produced by the microscope from the second focus of tli(‘ 
microscope. But by p. 78 the lateral magnification due to an optical 
system is given by m = where/' is the second focal length. For 

a system consisting of two optical systems situated in the same medium. 
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the .second focal length is, by p. 85, given by/' = — fif<^1^, where 
//, ff are the second focal lengths of the separate systems and S is 
the distance between neighbouring foci. Hence, putting d ^ 
=fvf2 =fz, ■«’e have 

./'S Sd 
Afz ■ A/z 

a result which is due to Abbe. 

If we put d = ^ m., reckon S in metres and the refracting powers 
and Dg ™ I//2 in dioptres, we have 

m “■ I • 

The magnification of a microscope is proportional to the least distance 
of distinct vision of the observer and to the distance between the neighbour¬ 
ing foci of the two lenses, and inversely proportional to the product of the 
focal lengths. 

It follows from the illustrations given above that the image observed 
by the microscope is inverted relative to the object 


8. Compound Objectives and Eyepieces. 

Telescope Objectives, —In investigating the mode of action of 
0 })tical instruments, we have hitherto assumed that both objective 
and eyepiece consist of a .single lens of negligible thickness. In 
actual applications, however, w^e have always to do 
j^with systems consisting of several lenses. For the 
^^objective of a telescope, a system consisting of a 
tj'convergent lens of crown glass and a divergent lens 
C of flint glass is generally used (p. 166). This does 
away with the coloured margins which appear in the 
images produced by a simple lens. In addition, jt 
is possible to get rid of spherical aberration for the 
most intense rays by suitable choice of the radii of 
curvature of the lenses. 

Microscope Objectives. —The objective of a high 
power microscope has to satisfy particularly stringent 
requirements in order that the image may exhibit neither colour nor dis¬ 
tortion in spite of the fact that it is formed by a pencil of very wide 
angular aperture (cf. p. 106). Hence microscope objectives always consist 
of a number of lenses of difierent kinds of glass. Fig. 28 shows a magnified 
section through a so-called apochromatic system * consisting of ten lenses. 



Fig 28.—Microscope 
objective consisting of 
ten lenses, apochromatic 
system 


* Abbe applied the term apochromatic to objectivea in which not only the chiomatic 
aberration along the axis is diminished, but the chromatic difference of the spherical 
aberration for two colours is got nd of. Here the use of fluorspar (fluorite), first adopted 
by Abbe in 1886, plays a very important part. 
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Field-lens and Eye-lens.—The eyepieces of telescopes and micro¬ 
scopes also consist of compound lens systems designed so as to noLinimize 
spherical aberration, astigmatism, distortion, and chromatic aberra¬ 
tion (Chap. VII, § 6, p. 165). As a rule the eyepiece consists of two 
lenses; that nearest the object (the field-lens) performs a duty similar 
to that of the condensing lens of the projection lantern, i.e. it is to 
collect all the pencils of rays which go to make up the image, so that 
all the light reaches the pupil of the observer’s eye. If no other field- 
stop is present, the mount of the 
field-lens determines the size of 
the field of view. The other lens 
of the eyepiece is the eye-lens, which 
is specially concerned in the mag¬ 
nification. 

The Huygens Eyepiece. — This 
eyepiece (1703) consists (fig. 29) of 
two plano-convex lenses with their 
curved sides nearest the objective 
and at a distance apart equal to 
half the sum of the focal lengths of 
the separate lenses. The field-lens 
K is so placed that the rays from 
the objective reach it before they form luc real image BB'; hence it 
displaces this image to bb'. The rays proceeding from the latter are 
then made parallel in the case of the telescope by the smaller eye- 
lens A; to the observer looking through D, the cover of the eyepiece, 
the image therefore appears at an infinite distance. 

If the observer uses a little accommodation, the emergent pencil of rays 
retains a sliglit divergence, and the virtual image W may be, e.g. at the least 
distance of distinct vision. As the real image bh' is produced in the interior of 
the eyepiece, this is the only place where cro.s8-wires or another form of graticule 
may be inserted, a fact attended by certain inconveniences. If A' is the 
focal length of the field-lens, A' the focal length of the eye-lens, d the distance 
between the lenses, and A the focal length of the eyepiece as a whole, we have 
S\ ' fz ' 1 2 : G : 4 : 3 approximately. 

The Ramsden Eyepiece.—This eyepiece * (fig. 30) consists of two 
identical plano-convex lenses, with their curved sides facing one 
another and at a distance apart about equal to the focal length of 
either. The eyepiece is placed so that the rays from the objective 
meet before they enter the field-lens; the real image BB' producetl 
by the objective lies outside the eyepiece. Hence cross-wires or another 
form of graticule may be attached to a material stop placed in this 
position, and these will be reproduced along with the object and at the 

♦ Described in 1783 by Jesse Ramsden (1736-1800), the son-in-law of John 
Dollond (p. 166) and his successor in business. 
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Fjg. 29.—Haygcnb eyepiece wjth (larpe) 
lield-lens and (small) eye-lens 
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same place (p. 137). In the telescope the rays leave D, the cover of 
the eyepiece, as a parallel pencil; hence to an observer the image VV 
appears at an infinite distance. 

If fi is the focal length of tho field-lens, A' that of the cyo-lens, d the distauce 
between the lenses, and A the focal length of the eyepiece as a whole, wo have 
Sx •Sz ' ^ ' fz~ 1 : 1 : 1 : 1 . Here again, then, d is approximately equal to half 

tho sum of the individual fo(‘al lengths, as is 
important if chromatic aberration is to be 
avoided. (Chap. Vll, § G, p. 165). 

In tho microscope both the Huygens eye¬ 
piece and the Ramsden eyepiece produce real 
images of tho objective lens just behind the 
eye-lens, so that the jiupil of tho eye may bo 
brought close to them. The image l.ying at 
infinity (or at the least distance of clear vision) 
may then be observed through this exit pupil 
of the whole microscope as if through a pex^p- 
hole (p. 132). To see tho marginal parts of the 
field of view, the observer must move the head 
or eye slightly. 

More modem types of eyepieces contain a 
greater number of lenses and remove defects in 
the image more completely. 

The brightness of the image produced 
by an optical instrument depends on the 
quantity of light which, starting from the 
object, traverses the stops and lenses of the optical instrument, and 
finally reaches the eye of the observer. In both the astronomical telescope 
and the terrestrial telescope, as well as in the microscope, the objective 
acts as the aperture stop, limiting the rays forming the image. Now 
as in the telescope all the rays enter at a very small angle to the axis, 
the brightness of the image depends only on the diameter of the objec¬ 
tive and hence is only limited by the practical difficulties of making 
a very large objective (p. 136) and, in particular, by the high cost of 
doing so. In the microscope, on the other hand, the diameter of the 
objective cannot be increased indefinitely, as the objective of a high- 
power microscope must have a very short focal len^h and a lens of 
short focus cannot be given a large diameter. Hence if an object 
under' a microscope is to send as much light as possible into the micro¬ 
scope to form the image, the cone of rays entering the microscope 
must have a very wide aperture. 

A micjroscopic object is usually placed on a slide consisting of a piece of plate 
glass bounded by parallel planes, embedded in suitable material, e.g. Canada 
balsam, and shield^ by a thin cover-glass. The position of an object P relative 
to the front lens 0 of a microscope objective is shown on a magnified scale in 
fig. 31. TT is the slide, P the object, CC the layer of material in which the object 
embedded, DD the cover-glass, and O the semicircular front lens of the objec¬ 
tive, which is separated from the cover-glass by a thin layer of air. Of the light 
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Fig. 30.—^Ramsden eyepiece with field 
leas and cye-lcns identical 
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ra\ s starting from P only a pencil whose aperture ij; is less than twice the critical 
angle of total reflection can reach the layer of air and hence the objective; rays 
which he outside this angle, sucli as R, are totally reflected. 



Fig 111—Microscopic object md c<)\er glass Fig 32—Microscopic object and covcr-glass 

(drv immcibion) (homogeneous immersion) 


COARSE _ 
ADJUSTMENT^ 


FINE_, 

ADJUSTMENTy 


Immersion Systems. —To increase the apertiiie (cf. p. 67) a suitable 
liquid, e.g. cinnamon oil,* is placed in the space between the cover 
glass and the lower 
surface of the front ^ 

Ions. A microscope 

objective system which eyepiece-, 

lias been calculated for nRAWTimr by object class 

use with a layer of oil 
in this way is called an 
oil-immersion objective, coarse 

If the oil has the same '' body 

refractive index as the \ \ ^ 

cover-glass and the front \ \ 

Jens of the microscope, \\W 

we speak of homo- \ 

geneous immersion. In / ^ _ \-Pbject 

contradistinction to / / \\ 

this, systems used with- j ( '\ 

out a liquid are referred \ V \ 

to as dry immersion \ 

systems. The way in „,hce V 

which a homogeneous y 

oil immersion works is ^ mirp^p 

clear from fig. 32. The J— ' 

aperture <j> of the cone — ^ _ 

of rays starting from *' 

P is only limited by the C -r-;- . . — 

fact that the object P rig. 33 —Section through a microscope (R. and J. Beck, Ltd.) 

cannot lie immediately 

on the lower surface of the front lens. The angle <f> may reach nearly 
180°, as the rays travel in straight lines from P till they leave the 

* Due to Amici (1840). 
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MIRROR 


Fig. 33 —Section through a microscope (R. and J. Beck, Ltd.) 
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front lens 0. With watei-imniersion systems sucE large apertures 
cannot be attained (fig, 35, p. 57). Homogeneous immersion permits 
the use of front lenses consisting of more than a hemisphere (fig. 20, 
p. 105). 

Resolving Power.—In addition to the brightness, the resolving 
power (§ 4, p. 121) of the microscope is considerably increased by the 
use of an immersion system, an account of the increase in aperture. 
This is due to the fact that diffraction effects arising from the undu^ 
latory nature of light are thereby minimized. 

The brightness of the microscope image naturally depends cssen 
tially on the illumination of the object also. As a microscopic object 
is very small and the rays must diverge strongly as they enter the 
objective in a cone of wide aperture, the rays illuminating the object 
also act most effectively if they are strongly (convergent when they 
reach the object. Following out a suggestion of Abbe’s, therefor(‘. 
a system of lenses is placed beneath the stage, to make the rays coming 
from the mirror below convergent. 

Fig. 33 shows a section of a type of microscope in common use. 

9. Effects of Diffraction on the Production of Images. 

Diffraction Discs.—Hitherto we have based our discussion of the 
a(*tion of optical instruments on geometrical or ray optics, and we 
have made ourselves acquainted with the conditions under which an 
object-point gives rise to a single image-point, i.e. the conditions 
under which a proper image ” is formed. But even when all the 
errors previously mentioned have been avoided, the image of the object- 
point is not sharp. The reason for this lies in the undulatory nature 
of light. 

Any lens holder acts as a slit, the diffracting effects of which wen^ 
discussed* in Chap. I, § 6 (p. 16); see also Vol. II, p. 244. If parallel 
rays fall on a lens (say from a star), the effect of the lens and its mount 
is shown diagrammatically in fig. 32, p. 199. As the lens K may be 
regarded as a diffracting body G (p. 199), we obtain the simplified dia¬ 
gram of fig. 34. According to geometrical 
optics, the convex lens K brings all the 
parallel rays L to a focus at 0. If, how¬ 
ever, wo consider the diffi’action at the 
opening, we find that at the point A 
on one side of 0 light waves of different 
phases meet and produce maxima and 
minima of intensity. Fig. 35 shows how the intensity diminishes 
from the centre (the actual ‘‘ image ”) gradually, but with the occur¬ 
rence of secondary maxima. The complete configuration is to be 
obtained by imagining the figure rotated about the axis of ordinates. 

• For the qudntitative discussion, see Chap. VIII, § 8, p. 198. 
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1 ig T4 ■—Diffraction patterns due to 
the mount of the objective 
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If tLe radius of the luoimt of the lens is d, the focal length/, and 
the wave-length of the lig])t A, the radius of the first dark diffraction 


ring is given * by S 0*()TC_. 0*61 


Thus in place of the point 


which we should expect from geometrical optics, there appears a small 
disc, the so-called diffraction disc ’k whose diameter is given by 

T22 and whose brightness decreases from the (‘cntre outwards. 


It is also surrounded by concentric rings or by various otlun figures 
varying in shape with the shape of the opening (fig. 36, Plate XII). 
The latter figures are usually so feeble that they need not be taken 
into account except in special (*ircumstances. If the light used is parallel 
and the aperture of the incident ])encil 


is always less than that. requir(‘d for 
the first elementary Fresnel zone, the 
centre of the diffraction figure is a 
bright spot of light, the diffraction disc 
(cf. also Vol. II, fig. 28, left, p. 245) 
or actual image ” of th(‘ star. 

If. as in the microscope,f we are 
concerned with the formation of an 
image by a system of maximum 
numerical a])erture A, we may also 
vTit«' the above formula for th(‘ radius 
of th(‘ diffraction dis(‘ in th(‘ form 
O'* ()*6lA/A, if we think of the radius 

])ioject«Hl back into the object, i c. 
si<itc its magnitude relative to the 
dct<iils of the object. 

Depth of Focus. "The image of a 
])oint of the object is not sharp in 
th(* depth direction either, that is. 
the iiiterterence })heiiomenon extends 
along the axis also. Tlie light energy 



is distributed uniformly, so far as we 
can tell, over a region of a (‘eitain 
depth. This so-called deptli of focus 
(Berek) is given by T \ A/x/A“, wiiere 


1 35*“-l^istribution of brightness m 

the “image” of a point* ou optical 
units I o.u fXiZ-rd {From Handuurtef- 
buch der Natunij'iscn^ihafttTi, Vol. i iG. 
hisihei, Itna)) 


/X is the refractive index of tht‘ object. 


* Except for the factor 0*61 tlie equutioii is identical with the equation for dif¬ 
fraction at a slit (p. 16); the factor 0*61 follows from the strict theory of diffraction 
of parallel rays at circular openings. 

f The irnport/ance of diffraction effet ts in the formation of images by the microscope 
was first recognized by E. Abbe (p. 53); this formed the starting-point of enormous 
developments in the instrument. 

(i; ois) 
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Fig. 37 gives the interfert'iice image of a luminous point as it would 
appear if perfectly reproduced (according to geometrical optics), 
the light used being monochromatic. ^lA is the optic a\i^. BB the 
plane of the ‘‘ image The whole configuration is olitaincd by 



Pip 17 —Iirnyc of an indtlinitcl> ‘»njall eknicnt of ‘'Unact udntinp lit'lir in dicoidince 
^\lth LamliLrl i> law and leproductd vMthout abciration according to gcornctiical optics filter 
Bliu k) 

'1 he distribution ot light is projected bick into the ob|cct-spact, so tliat the figure gi\es 
the ichtionships in due proportion as thts would appear if the optical instrument were moved 
along Its axis If the biightiiess in the very centre of the figure is taken as loo, the various 
shadings have the following meanings in the cornpltttls black region the bnghtncss is kss 
than I, in the succeeding regions it is less than li, s. lo 50, 75, too rcspettiveh AA 1 
the C'piK axis, BB the plant of the image The scale is graduated in optical units (see legend 
<jf hg js). (1 rom /nfulinjl jut Ph\sik, \ ol 40 f^piingei, Ikihn)) 


imagining the figure lotated about A A, Owing to tin" defccds of 
optical systems still greater deviations from an ideal “imago” will 
occ ur. 

Resolving Power.—By this we mean the power of an in^stiument 
to reproduce two separate but neighbouring points of the o)))ect as 
separate points (p. 121). If the two points are so situated that tlnar 
diffraction discs actually touch, they can certainly still bo rocognizf^d 
as separate points, as the brightness of the discs decreases outwards. 
For the latter reason the images may still be recognized as separate 
w^hen the difiraction discs partly overlap. The resolving power is 
therefore determined by 8® “ l*22A/c/A, where k denotes a factor 
which expresses the physiological resolving power for differences of 
brightness and may on the average be taken as 0-5. 

Thus, for example, if tw^o stars observed by a telescope are very 
close together, the telescope will not be capable of resolving the 
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“ double star ” unless the distance between the centres of the two 

(iiffraetion discs exceeds 0-Cl^ If the angular separation of the two 

stars is the distance between their images, that is to say, tlu' distance 
lietweeii the corresponding diffraction discs, is/tan^, which is ajiproxi- 


lately equal to/0. Hence we must have 0*61 




</0, or 0-Gl*^ < 0. 


For this reason it is essential that d, the radius of th(^ telescope objective, 
should be sufficiently large. Hence it follows that the objective of a 
(d‘l(\s( ope which has a long fo<;al length must also have a large diameter, 
in order that the maximum resolving power may be attained. In- 
cn^using the size of the eyepiece cannot increase the resolving pow'er 
of a telescope; by increasing it too much we merely obtain an “ empty 
ina^nilication ” which reveals no further details. 


From fic:. 35 it follows immediately that thf3 ‘‘ imaye ” is sharper the greater 
the (iiamoter of the objective {2d). Hence the brightiuvss of the diffraction pattern 
1 " proportionai to tlie fourth powder of the diameter of the obje(*tiv(‘; for il the 
diamidiT of tlu* objective is doubled, the quantity of energy entering is quadrupled 
and the area of the diffraction pattern is at the same time divided by four. I'bus 
tlu' brightness at a point of the ‘‘image’* is sixteen times as great as before. 
This is another reason why the diameters of objectives and mirrors for astrono¬ 
mical purposes are made so largo (p. 13t)). 

A telescope with an objective 20 cm. in diameter is eajiablo of separating 
two stars whose angular distance apart is ()•()'': the resolving power relative to 
angular distance is proportional to the diamet(T of the objective, but is inde¬ 
pendent of its focal length and hence of the magnifying poweT of the telescope. 
A photographic plate is in gfUKTal most sendti\(‘ to rays of shorter wwc-Jength 
than those to which the eye is most scai'^itive (p. 30). Hence a liigher resolving 
power is attained by photographing a (lonbl<‘ star tlian by observing it with the ej'e. 


Similar considerations apply to tlie microscope. As H22/A amounts 
in the most favourable case (for an immersion system) to 0-9, it follows 
from the expression for S'* that jioints of the object can still be recog¬ 
nized separately if their actual distance apart is about A/2. As the 
waM'-lengths of violet and red light respectively arc nearly in the 
pro])ortion of 1 : 2. the resolving power can be doubled by using violet 
light instead of red light. A further advance may be secured by the 
us(‘ of ultra-violet light (usually about 280 myC) and photography 
(A. K()hler). As the light used is almost monochromatic, M. voti 
Rohr's nuvwchromats. which are not corrected for chromatic aberration, 
may bo used. 

If the object under examination has a periodic structure (e.g. a 
diffraction grating or diatoms) peculiar interference phenomena arise, 
which formed the starting-point of Abbe’s in^’^estigations into the 
formation of an image by the microscope; these, however, apply only 
to periodic structures. Complicated interference may occur, so that 
in certain circumstances no proper image plane may exist at all. 
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Thus in older to make fine details recognizable under the microscope, the 
point is not to incsrease the magnification indefinitely, but in the first place to 
choose the aperture of the objective in such a way as to give the desired resolving 
power. The magnification of the eyepiece is then to be chosen in such a way 
that everything that the objective is capable of resolving in virtue of its aperture 
can be readily recognized by the eye, i.e. subtends a suflaciently large angle at 
it. This is the cose when the magnification of the eyepiece map is selected so as 
to lie between 600 and 1000 times A/wiqb- If the magnification of the eyepiece 
is less than this the pow^r of the objective is not fully utilized, w^hile if it is greater, 
an “ empty ” magnification (see above) results. 

Condensers. —These are used to illuminate the object under investi¬ 
gation as brightly as possible and with a cone of rays as wide as possible, 
so that the object may be regarded as self-luminous, owing to the large 
number of incoherent rays diffracted simultaneously (Lord Ray- 
LEIGH). Fig. 38 shows the essential 
parts of a condenser and the path of 
the rays through the condenser and 
the microscope objective when the 
condenser stop is fully open. 

Dark-ground lUomination. — If a 
thin pencil of simlight crosses the 
room, we see minute particles of dust 
sparkling in it, which are at other 
times invisible owing to their smallness. 

The reason is that the sunlight is 
diffracted by the particles and their 
apparent magnitude is considerably 
increased by the formation of diffrac- , ^ 

Fig. 38—Bright- discs. If the particles are very ground^Uummatwn 

w«h”conden8e?^'°” closc together, as e.g. in tobacco smoke, 
we can no longer detect them separately 
with the naked eye, but we merely see them as a whole as a diffusely 
reflecting pencil of light. If, however, we examine this pencil with a 
microscope of high resolving power, the bodies, magnified by the 
diffraction discs, become separately visible. 

For this purpose we may stop down the condenser as shovm in 
fig. 39 or use a condenser of special construction (fig. 40, Plate XII). 

For detecting very small particles the following apparatus, which 
is known as an ultramicroscope and was first described in 1903 by 
SiEDENTOPF and Zsigmondy, is very frequently used. 

In fig. 41 let G be the object under examination, e.g. a liquid with 
small particles in suspension, contained in a rectangular glass dish. 
L is a very narrow horizontal slit which is illuminated from the left 
by a bright source of light, so that a narrow pencil of rays gets through; 
this pencil is made to converge slightly by the convex lens B. A very 
thin horizontal layer of the liquid G is thereby illuminated intensely. 






Plate XU 



Ch \ I, 1 I f*.ith of the ra\s in the («.ihkMn tilistopi (p 127) 



(. !i \ 1. 1 ly ih Dirirattion p.Utun due to a stat (/ (tiioni^) plHiloj^raphed 
l>\ a lef 1 e<t«nj' tiltMopt (p 14s) 



Ch \^ 1 , I iiK- 40 — Cardioid condenser (after Sicdentopf) (Carl Zciss, Jtna) 
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The small particles suspended in the licpiid diflVaet tlj(‘ light, and pait 
of the light travels vertically upwards into the ohjective U of the 
nn(TOscope M. These diffracted rays may be observed against tlic 
dark held of view (fig. 42). In tin' part of the body traversed by th(‘ 
beam of light there appear small isolated points of light, wliich indicate 
that at the corresponding part of the body there is a j)article which is 



I'lg 41 -\rr.ingtment ioi Fig. 42.— Ultraniicioscopic 

illumination m die ullra-microscopc imago 


diffracting the light. The bright points observed ar(‘ not actual images 
ot the bodies, but interference ])att(U‘ns, whi(*h are nuu'ely a sign of 
thi‘ jnesence of the partieh^s but do not directly indicat(‘. their shape. 
Trider certain conditions, howevtT. the nature and form of lh(‘ ]>articles 
may be inferred from the form of the interferenc(' ])attern. This so- 
called interference microscopy, howtwer. is only in its (‘arliest b(\gin- 
nmgs. 

By means of the ultramicroseopc' it is jiossible to <lete(‘t ])artic](\s 
as small as 4 mfi. The limits of visibility depend on the fact that smaller 
particles, even when very intens(*ly ilhiminat(‘d hy smilight, are in¬ 
capable of sending a sufficient quantity of diffraetcfl light into the 
microscope. 



CHAPTER VII 


The Influence of Wave-length on 
Refraction Phenomena 

1. The Decomposition of White Light. 

The Spectrum.—We have already found when discussing difiraction 
phenomena (Chap. I, § G. p. 11) that colours can arise from white 
light. In fact if we look at a distant source of light at night through 

the half-closed eyelids we see coloured 
diffraction fringes, which are produced 
by the criss-cross of the eyelashes. 
On p. 19 we traced back the occur¬ 
rence ol coloured interference bands 
or friuges to the differing wave¬ 
lengths of the light used, and found 
how to measure the latter. As we 
shall show in what follows, it is 
possible by means of refraction to 
carry out the separation of the wave¬ 
lengths very conveniently and to 
exhibit the sejiarate wave-lengths in 
high intensities. We shall therefore begin by using this method to 
investigate the phenomena of colour sensation which are most directly 
perceptible to the senses. 

If a pencil of parallel rays of sunlight limited by a circular stop 
falls on a white screen in a dark room, it gives rise to a round white 
spot on the screen. If in the path of the rays we interpose a glass 
prism with the refracting edge downw^ards (fig. 1). so that the path 
of the rays through it is fairly symmetrical, the beam is not only 
deviated, as we know, but at the same time it is spread out like a 
fan; the white spot on the screen vanishes and a coloured band F 
appears higher up on the screen, its upper end being violet and its 
lower end red. The violet part of the fan is accordingly the most 
di^viated by the prism, and the red the least deviated. Between the 
two outermost colours a large number of different rolom\s are included; 
their number cannot be stated exactly owing to the gradual nature of 
the transitions between them. It is, however, customary (following 
Newton) to select the seven typical colours red, orange, yellow, 
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gr(;en, blue, indigo, violet. These are known as the colours of the 
rainbow. The whole coloured band is called tlie spectrum.* 

The emphasis on the “ seven ” fundamental eoh^urs of tiie spcctimm arose 
from Newton’s attempts to compare the spectrum with the octave in sound. 
Experiments have, shown that about 160 different colour sensations can b(‘ dis- 
tiuguisiied from one another in the spectrum. 

If we blow^ smoke into the path of the. deviated fan of raVvS in 
order to make theur course', through the air visible, we find that just 
beyond the prism only the outer margins of the fan arc coloured, 
the centre being pure white, but that the colours appear more clearly 
the greater the distance from the prism. If we were to attempt to 
separate the colours completely in this way, the spectrum w^ould soon 
become too feeble. 



Fig. 2.—Kciombination of the coloured band to form white hght 


Dispersion. —As was first demonstrated by Newton (1704), white 
sunlight is not a pure light but a combination of tlie many-coloured 
rays of the spectrum. The prism causes dispersion of the compoimd 
light, because the diflerently coloured constituents are not deviated 
to the same extent; the refractive index of glass is less for red light 
than for violet light. 

This also explains the fact that just beyond the prism the margins 
of the beam only are coloured, the centre remaining white. For at 
the centre of the beam the parts are not yet completely separated; 
lh(* different parts of the different rays overlap and thus produce 
white light. 

By recombining th(‘ coloured constituents, white may again be 
produced. 

If for this j)urpose we let the coloured rays fall on a series of small mirrors 
which are directed in such a way that the reflected coloured rays illuminate the 
same spot on a white screen simultaneously, this spot will appear white. The 
rays may also be recombined by means of a large concave mirror or a large convex 
lens. The latter experiment, illustrated in fig. 2, is particularly instructive; it 
shov\ s that the point 0 where the rays meet is actually white, but that beyond 
this point the rays diverge again, and in an older which is the reverse of that 
which they had before they reached the point O. 

The Pure Spectrum. —A pure spectrum may be produced, without 

* Lat., spectrumf appearnnee. 
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lowering the intensity too grt'afly, by using the following arrangement 
due to Fraunhofer * (fig. :i). The essential point is the replacement 

of the round hole by a slit parallel 
^ to the refracting edge of the prism. 
Through the narrow slit S, which is 
illuminated as brightly as ])Ossil)le 
’-B l)v sunlight from the left, light rays 
fall on the convex lens L, whicli 
(auses them to converge, forming a, 
real image ol the slit at the point 
Fjg —FraunhoftiV .ipparatu*, B. The ])rism is set up immediately 

behind the lens in such a way 
that its refracting edge is parallel to the slit. Every pencil of rays 
which would be brought to a focus at the })oint B if the prism were 
not there is subject to deviation and dispersion by the prism. Only 
the limiting rays (violet and red) are drawn in the figure. All the red 
rays now fomi an image IT all the violet rays an image V, and all the 


E 



Fjg. 4 —Another arrangement due to Fraunhofer 


rays of other colours images lying between R and V. Thus a spectrum 
is formed which can be caught on a screen and which consists, owing 
to its method of production, of a fyiiccession of separate coloured images 
of the slit. 

If we replace the rectilinear slit S by a slit of any other form, the individual 
parts of the spectrum each take on the new shape of the slit. 

The arrangement shown in fig. 4, also due to Fraunhofer, is still more com¬ 
plete. In the path of the rays from the slit S is placed the convex lens (collimating 
lens) C, in such a way that the rays leave it parallel to one another, i.e. the slit 
»S lies in the focal plane of the Jens C. Immediately behind C the prism is set up 
so that the parallel rays traverse the prism symmetrically, i.e. at minimum 
deviation. After the rays liave been deviated and dispersed by the prism, they 
fall on another convex lens O, which causes each system of parallel rays to form 

* Joseph von Fraunhofer (1787-1826), the pioneer of scientific instrument manu¬ 
facture in Germany, was professor at Munich from 1823 till his death; he did important 
work in optics and is specially famed for his discovery of the spectral lines, his work 
on diffraction, and his improvements in telescopes. 
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«n image of the slit in its foeal plane. Then the individual images of the slit 
again form a pure spectrum. The advantage of this arrangement lies in the tact 
that all rays of the same colour traverse the prism under the same conditions, 
i.e. ar(‘ subject to the same amounts of de\iation and dispersion, vhereas with 
the arrangement of fig. 3 the individual rays leave the prism convergent, i.e. at 
difierent angles. 

In carrying out the above expi^rinunits we may catch the sjicctrum 
on a white screen, i.e. it may be exhibited objectively. Wo may also 
s(‘t lip a convex lens E bi^hind the spectrum VK and observe the spec¬ 
trum subjectively through it as if through a magnifying-glass. 

The Spectroscope or Spectrometer. The two lenses 0 and E may 
be r(‘gard(‘(l as forming the two constituent lenses, the objective and 
th(‘ (‘vepKTc, of a simple 
astiononiical tclcscojic. If 
they are united to foim a 
singl(‘ piece of a])})aratus, 
ve liave the spectroscope, 
vhieh ^\as first constnieled 
by KincuntoFF* and Bun- 
NExf. and which is shown 
in fig. 5. 

The triangular prism P is 
plac ed on a firm .support or table. 

One face of the prism is directed 
towards the (.ollimator tube A, I *p: —liunsen and Kirchhofi s spcctioscope 

which at the end next the prism 

carries a convex lens (the collimating lens) and at the other end, at a diatanco 
equal to the focal length of the lens, a slit which can have its wudth adjusted by 
a micrometer screw. The other face of the prism is directed towards the telescope 
B, wdiich is focused for infinity. The light passing through th(‘ slit is rendered 
paraded by the collimating lens; it is then deviated and dispersed by the prism 
and reaches the eye of the observer by way of the telescope B. Usually there is 
a third tube, the scale tube C, as well, carrying a convex lens at the end next the 
prism and a scale S at the other end. The scale tube is fixed in such a way that 
the ra 3 ’s emitted by the illuminated scale arc reflected by the front surface of 
the prism and then enter the telescope B. The observer accordingly sees the 
spectrum and the scale one above the other and is thus in a position to measure 
the positions of the various parts of the spectrum. 

The Spectrograph. —Spectra are usually recorded photographically. The tele- 
scope is then replacjexl by a camera (fig. 6, Plate XlII). To decompose the light 
more effectively, several prisms are often used. If a slit is placed in the focal 
plane of the spectrograph instead of the photographic plate, it is possible to select 
a single colour or a restricted region of the spectrum from the compoimd light 
<^mitted by a source of light {monochromator). This apparatus is usually so made 
that different spectral regions can be selected by means of a fixed slit, auto¬ 
matically rotating the prisms so that the wave-length required traverses them 
iit minimum deviation. For the resolving power of the prism spectrograph see 
p. 21J. 

* K, Kirchuoff (1824-1887). Professor of Physics in Heidelberg ir l^o4 and in 
Beihn from 1878. f »See p. 158. 
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2. Colour Mixtures: Complementary Colours. 

Becombioing the Colours of the Spectrum. —When all the parts 

of the spectral fan of rays into which white light is split up are brought 
together again, white light results. If, on the other hand, some parts 



Fifi. 7.—Recombination of a pure spectrum to form white light 


are previously removed by the insertion of screens or deviated by a 
small prism, the rest of the fan of rays unites to give a special mixture 
of colours. 

Fig. 7 gives a diagrammatic representation of the apparatus by which a pure 
spectrum may be recombined to form white. In the absence of the prism P the 
lens L would unite the rays entering through the slit S to form a real image of 



Fig. 8 .—^VVhen the pure spectral green is deviated to one side the remainder of 
the spectrum forms a red mixture 


the slit at B. The prism deviates and disperses each separate ray, giving rise to 
the pure spectrum at C. If we now insert at C a convex lens whose focal length 
is approximately half the distance of C from the front face P of the prism P, the 
lens will reunite the rays of various colours diverging from every point of the 
face F at a point G behind the lens, at a distance which is again equal to twice 
the focal length of C; at G there results a real inverted colourless image of the 
surface F. As the rays starting from F diverge only in the plane of the principal 
section of the prism, but not in planes parallel to its refracting edge, the lens O 
may be a cylindrical lens with its curv^ surfaces perpendicular to the plane of 
the figure. 

Colour Mixtures* —^If we now insert a thin prism K with a small 
refracting angle immediately in front of C (fig. 8 represents the part 
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to the right of the prism in fig. 7 on a larger scale), we may deviate 
e.g. the green rays to one side. In addition to the image of the face F, 
which was originally white, but now appears coloured, we then have a 
green image of the face F due to the green rays alone. The image of 
the face F, which originally was white, now appears to have the mixed 
colour red resulting from the rest of the spectrum. As a rule such 
colour mixtures are subjectively indistinguishable from the pure 
spectral colour. The only colour mixtures not represented in the spec¬ 
trum are the shades of purple obtained by mixing red and violet. 

Complementary Colours.—Any portion of the rays may be removed 
in the manner just described, by moving the thin prism K along the 
pure spectrum. The results obtained are as follows: 


Deviated \ 
part 1 

j red 

orange 

yellow 

green 

blue 

indigo 

violet 

Kemaiii'iig 1 
colour f 

mixture 1 

bluish- 

green 

blue 

indigo 

purple 

orange 

yellow 

greenish- 
yellow 


If we recombine the deviated portion and the remaining colour mixtine, 
we of course obtain white again. The pair of colours in each vertical 
column of the table when combined give white; hence they are known 
as pairs of complementary colours. 

Although subjectively they have the same effect, the pure spectral colours 
in the upper row of the table exhibit a physical behaviour differing from that 
of the colour mixtures in the lower row. For example, if the screen to catch the 
image is set up not at G but farther away, decomposition into the individual 
constituents again takes place. 

It is also possible to combine individual constituents of the spectrum in 
pairs to form white. These are then pure complementary colours. They occur 
in pairs just as in the above table. 

The white arising from the combination of two •pure complementary colours 
alone, however, is not physically identical with the white of sunlight; in the 
former case the impression of “ white ” is solely due to a peculiarity of the eye, 
for decomposition by a prism or spectroscope again gives rise to the two original 
colours only and not to the complete spectrum. 

Note ,—We may mention here in advance that except for the region between 
600 and 560 m\i (compare Vol. Ill, p. 646) the wave-lengths Xj, Xj of these 
two pure colours satisfy the formula (X^ — 669) (498 — X 2 ) = 424; from this it 
is possible to calculate the wave-length of the pure colour complementary to a 
given pure colour. 

Thus a colour may arise in a great variety of ways. The eye is 
not capable of detecting this variety of origins; it cannot analyse 
colours as a practised ear can analyse sounds. For this reason the 
spectroscope is one of the most important of optical instruments, as 
it furnishes a reliable means of ascertaining the composition of various 
lights. 
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Newton use<i the colour top * to combine or mix separate colours. If a top is 
painted out in sectors with the colours of the spectrum and rapidly revolved, wo 
obtain the impression of dirty white or grey. Wo can no longer istinguish the 
separate colours, but receive the same impression as if the colours were mixed 
(additive mixing). That the white produced is not pure white is partly due to 
the fact that it is impossible to paint the top with all the colours in the exact 
shade and intensity with which they occur in the spectrum, and partly to the 
fact that the colour top does not emit so much light as if its surface were pure 
white. The mixing of complementary colours may also be carried out with the 
colour top. 

Body Colours or Figments.—These are essentially different from the physical 
concept of a spectral colour, A red piece of cloth only appears red to the eye 
because it chiefly emits red light. As, however, the cloth is not itself a source of 
light, the light it reflects must come from a source whose light includes red light. 
Hence the cloth appears red both in daylight and in ordinary lamplight. If, 
however, we bring the red cloth into the objective spectrum of sunlight, it only 
appears red when it is in the reel part of the spectrum; if it really reflects red light 
only, it will appear black when in other parts of the spectrum. Usually, however, 
the apparently red cloth is not really monochromatic, but reflects rays other 
than red, although more feebly. If a larger piece of coloured cloth is held so as 
to catch the whole spectrum, we see at once which parts of the spectrum are 
absorbed by the cloth and which are re-radiated. Thus we see that body colours 
which appear identical to the eye often radiate or absorb different parts of the 
spectrum, often quite narrow regions, to different extents. 

If we hold a piece of coloured glass in the path of the rays traversing a spectro¬ 
scope, or anywhere in the path of the rays in fig. 4, part of the spectrum vanishes 
more or less entirely; the coloured glass absorbs part of the spectrum and lets 
through the rest. The mixture of spectral colours that gets through gives the 
eye the impression of the colour of the glass. The spectrum as altered by the 
absorption of light by the coloured body is called the absorption spectrum of 
the body. Many substances have a highly characteristic absorption spectrum, 
which may be used as a test of their presence. On the coloured plate is shown 
the absorption spectrum of neodymium as exhibited by most of its compounds. 

We accordingly have the following experimental facts; the body colour of 
a pigment depends essentially on the region of the spectrum absorbed by the 
body when light passes through it. Coloured glass, dyed wool, &c., appear red 
if the bluish-green which is complementary to red is more or less strongly absorbed 
from the incident white light; similarly, absorption of the yellow gives rise to 
a blue body colour, and conversely. Fa reflect^ light the colours of pigments 
often appear different, e.g. fuchsine crystals and ^ed red ink have a green 
lustre. This behaviour is due to the fact that the regions which are strongly 
absorbed are also strongly reflected. 

Uiziures of Pigmenti.—Mixing blue and yellow pigments (e.g. oil-colours or 
water-colours) usually gives rise to a green pigment, not the white colour which 
one would expect from the behaviour of the spectral colours. The reason for this 
discrepancy is as follows: the yellow pigments keep back almost all the spectral 
colours belonging to the blue end of the spectrum, whereas they transmit or reflect 
the rays belonging to the red end of the spectrum (up to green). The blue pig¬ 
ments absorb all the rays belonging to the red end of the spectrum, whereas 
they transmit or reflect the rays belonging to the blue end of the spectrum (usually 
beginning with green). Then if a mixture of pigments contains these two pigments 
close beside and on top of one another, a particle of blue pigment transmits or 
reflects a mixture of green, blue, and violet on to a neighbouring particle of yellow 


♦ The experiment was actually known to Claudius PTOLEM.aB;us (a.d. 150). 
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pigment; the latter, however, absorbs the blue and violet rays, so that the green 
rays alone traverse the mixture unaltered (fig. 9). The green colour of the mixture 
of pigments is deeper in tint the more intimate the mixture of the pigments, 
for it is only when the pigments are thoroughly mixed that the incident rays meet 
the two kinds of pigments successively and repeatedly, so as to cause all the 
rays to be completely absorbed except the green. The green colour, howevt^r, 
is never so brilliant as if a pigment were 
used which looks green itself; for the 
yellow and blue pigments in the mixture 
alwa 3 ^s absorb part of the green light as 
veil, whereas in a simple green pigment 
the green part of the incident white light 
may scarcely be enfeebled at all. 

The colours which arise from repeated 
absorption of the rays by two or more 
pigments are called difference colours 
(subtractive mixture of colours). The 
combination of several spectral colours 
gives the summation colour (additive 
mixture of colours). 

The difference colour of the two figments blue and yellow is in general green 
the summatioji colour of the two spectral colours blue and yelUnv is white. 



bHue pigment 
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Fig. 9-—Transparency of pigments and 
mixtures of pigments (the shaded areas 
denote colours let through) 


3. Spectrum Analysis. 

Colour and Wave-length.t —By means of a slit placed in the plane 
of the spectral image, we can select a narrow region of the spectrum 
produced by a prism and deternodne its wave-length by means of 
interference experiments (Chap. I, § 6, p. 11 and p. 208). It is found 
that when the prism used is of glass or other transparent colourless 
mateiial the wave-lengths follow one another continuously in such a 
way that the rays of longer wave-length are less refracted and the rays of 
shorter wave-length more refracted. On p. 646, Vol. Ill, we have 
already given a table of the colour sensations and the corresponding 
regions of wave-length. The connexion becomes still clearer if, as is 
shown in the central figure of the coloured plate facing p. 158, the 
interference bands are sketched directly on the spectrum (cf. p. 177). 
The breadth of the bands is-greatest in thejred^nd steadily decreases 
towards the ^olet. If a graduated scaTe^s included in the spectro¬ 
scope (p. 153) it is therefore possible to associate each of its graduations 
with a definite wave-length. In practice we do not use the interference 
bands but calibrate the scale with light of known wave-length, i.e. 
light whose wave-length has already been determined accurately by 
interference experiments. 

Line Spectra. —The method just mentioned is possible in virtue of 

* It is not necessarily always so, as the transmission curves may under certain 
conditions be quite different from those in fig. 9. 

f Wave-lengths are usually stated in millimicrons (my) or in Angstrom unita 
(Vol. I, p. 6). Imy^ 10-« mm. - 10-^ cm.; 1 1. - 10-"« cm. (Vol. Ill, fig. 47^ 
p, 646). 
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the fact that sources of light exist which emit only light of certain 
definite wave-lengths. For example, if a sodium salt is heated in a 
bunsen flame, it gives the latter a bright yellow colour. This yellow 
light is found to consist almost exclusively of rays of wave-length 
589 Wju (see also the coloured plate). Investigation of this radiation 
with more powerful a 2 :)]mratus shows that the lino visible in the spec¬ 
troscope, known as the D lin(.\ consists of two lines very close together, 
with wave-lengths 589*5932 and Dg--588*9966 (in dry 

air at 15“ C. and a ])r('ssiire of 760 mm.). Spectra characteristic of the 
various elements are also obtained when electric discharges are passed 
through gases (Vol. IJJ, Chap. X, § 3, pp. 326-349) and when spark 
and arc discharges are made to 2 )nss between electrodes of various 
metals. These S 2 )ectra consist of a smaller or greater number of lines 
(line spectra; see the coloured })lute), which represent the monochro¬ 
matic images of the slit in the lights of the wave-lengths in question. 

Buxsen * and Kirchhofp (1859) are justly renowned for their 
discovery of the fundamental fact that: 

Under given conditions each element emits a 'per¬ 
fectly definite spectrum which is characteristic of that 
element only. 

These two scientists were thus not only the foimders of modern 
atomic physics, but by the application of their results to the radiation 
of the stars they laid the foundations of our present knowledge of the 
material structure of the universe. For if the lines of an element 
appear in a spectrum, it may be concluded with certainty that the 
element is present in the luminous source of light.t This method of 
investigation is known as spectrum analysis. By making the material 
luminous in some way, c.g. by vaporizing it in a flame or by using it 
as electrode for an electric discharge, its chemical constitution can 
jimnediately be deduced from the spectrum. Under certain circum¬ 
stances it is even possible to deduce the quantitative composition of 
the sample from the intensity of the lines, a method which has recently 
come into practical prominence owing to its elegance and the minute 
quantities of material required (fig. 10, Plate XIII). 

The first few rows of figures in the coloured plate show the spectra obtained 
when salts of the alkalis or alkaline earths are vaporized in the bunsen flame on 
a platinum wire. Below these some spectra of discharges tlirough gases are 
given. The method is so sensitive that quantities as low as 3.10"'^ mg. of sodium 
and 1.10*"^ mg. of Lithium can be detected. Fig. 10 show's a series of spectra of 
alJoys of tin and cadmium in which the percentage of cadmium decreases 
steadily downwards. By comparing the spectrum of a similar alloy of unkiic)\\ n 
(juantitative composition with these, its cadmium content may be determined. 

* K. W. Bunsen (1811-1899), born in Gottingen, latterly a professor at Heidel¬ 
berg, was remarkable both as a man and a scientist and is specially noteworthy for 
the way in which he extended physical methods to chemical problems. 

t [See, however, the paragraph in small type on the next page.] 
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The spectrum of an incandescent solid exhibits all the 
lines of the visible region of the spectrum, or in other 
tvords, it is continuous 

Wo .see this iimiiodiatoly if we look at the spectrum of an incan- 
doscorit lamp or a o<ari(il(i flame. The light of the latter is chiefly duo 
to incandescent particles of soot. For further details see the subject 
of tomporature radiation (Vol. V). 

Fraunhofer’s Lines. —The spectrum of the sun or of a star is con¬ 
tinuous also, but certain deflnite wave-lengths are wanting, so that 
the spectmm is interrupted by dark bands. 

The dark lines in the sun’s spectrum were first studied ))y 
Fuacjnhofeu in 1811. The strongest of these so-called Fraunhofer lines 
are denoted by lett(‘r‘^ of the alphabet. Fig. 11 (Plate XIV) reproduces 
a drawing of these lines by Fraonhofeh. The uave-lcngths of the 
?nosf important are given in Table II. As will be shown in more detail 
in ^'oL the dark lines are to be interiueted as absorption lines, the 
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continuous light coming from the dee])er layers of the .sun or star 
being partly absorbed by incandescent gas. Table II gives the elements 
to which the various Fraunhofer lines are due. We see that gases are 
not only capable, as shown a])ove, of emitting light of perfectly definite 
wave-length when excited to luminosity (emission spectra), but also 
of absorbing light of perfectly definite wave-length (absorption spectra). 

Thus, as may be shown experimentally (Vol. V), the D lino in the sun’s spec¬ 
trum is due to sodium, with whose yellow emission line it exactly coincides in 
wave-length. A line (D.^) very near the D line is duo to helium.t As optical 
instruments have been perfected, the number of Fraunhofer lines known has 
risen to many thousands. Some of them are of terrestrial origin (e.g. A, a, B), 
being due to absorption by the atmosphere (many vary with its humidity, the 
so-called ‘‘ rain bands ”). 

Band Spectra. —In emission and absorption spectra the lines often 
uppear to be crowded together at certain places, so that in small 

* Gases tinder extremely high pressure also emit a continuous spectrum. 

t By this line in the light of solar prominences the element helium was recognized 
as distinct from sodium in 1868 by the British astronomer Nobmax Lockver (1836- 
1920, director of the Solar Physics Observatory, .South Kensington); it was not until 
twenty-six years later that Bamsay showed by means of the same line that helium 
^exists on the earth also. 
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spectroscopes the region appears continuous (cf. the third, fourth, 
and seventh figures from the top of the coloured plate). These regions 
where the lines are crowded together are called bands. If, however, 
the spectnun is spread out by using instruments of sufiBciently high 
resolving power, most of these bands are resolved into separate lines 
(figs. 12, 13, Plate XIV). 

The difference between line spectra and band spectra, howevei*. 
is not entirely an external one but has a physical basis in addition: 
for, as will be shown in Vol. V, fae spe ctra are emitte d by atom s, 
band spectra „by molecules. 



Fig. 14 .—An example of the calibration curve of a spectrograph 

Calibration of a Spectrum. —The wave-lengths of a large number 
of lines have been determined very accurately by interference experi¬ 
ments (pp. 16, 208). By means of these known wave-lengths it is 
very easy to graduate a spectroscope by determining the position of 
the lines of a known substance and thus associating a definite wave¬ 
length with every point on the scale, the relationship between the 
wave-length and the numbering of the scale being represented graphi¬ 
cally (fig. 14) or by mathematical interpolation. For accurate work a 
spectrum very rich in lines must be used, e.g. that of the arc between 
iron electrodes. 

Other Forms of Spectrometer. —Besides the prismatic spectrometers 
discussed in this section, interferometers are also in use, especially for 
more accurate investigations; these will be considered elsewhere 
(Chap. VIII, §§ 6, 7, and 9, pp. 190, 193, 205). 

4. Ultra-violet and Infra-red Light* 

Ultra-violet Bays. —If the spectrum of the sun or of an arc lamp 
is allowed to fall on a screen covered with a layer of Sidot’s hexagonal 
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zinc blende,* we see that in the violet region of the spectrum the screen 
shines witli a brilliant green light fluorescence, VoL V). If we cut 
oil the light from the source, the region of the screen where the blue 
and violet parts of the spectrum were })reviou8ly situated continues 
to shine with its own green light (phosphorcscoice. Vol. V). On closer 
examination \yo see tliat the fluorescence extends beyond th(‘ visibb' 
violet port/ion of the s])ectrum. In regions where no light is visibb' 
to the eye, therefore, f.here is still radiation present whicli is ca])a})]^‘ 
of exciting fluorescence. The radiation beyond the violet is calk'd 
ultra-violet liffht. This is the light which acts most strongly on th(‘ 
photographic plate, so that it may readily be detected by this means. 
The light of the iron arc and of the mercury lamp (Vol. Ill, p. 35G) is 
particularly rich in ultra-viohit rays. 

Th(‘ wave-length of this light is debuinincd photographically by 
means of interference phenomena; it is found to be less than that of 
visible light. 

Tli(‘ (iark-adiiptcd eje ia cupabl(‘ ol d(*tcc'ting intense ultra-violet liglif a.s 
a colourless gny. If a direct-vision sf)ectroscoi)e is sij^hted on diffusely illuminated 
regions of the aky close to the bright disc of tJie sun, the portion of the spectrum 
visible to the eye is considerably extended, to beyond the H line. The Fraunhofer 
lines Iv (X 393 7}i[i) and Ij (X 383 m[x) can thou be observed very well. 

(bass absorbs ultra-violet rays beyond about ‘UO The Uviol 
glass made by 8 choti’ of Jema is transparimt for ('ven shorter waves: 
to go farther (to about 200 n/p) prisms and lenses of quartz must be 
iLsed; transjiarcncy down to 385 is ol)tained in air with fluoriti 
(som('1iincs also with quait-z). 

(dnsst's which fran^vnit jirartically nothing but ultra-violet light (ultra-violet 
filt<T-^ Jiive recently bccomt^ eomniereially available. These are inueb used in 
pra(‘ti(‘e b»r the (diservation of tluorescjcncc phenomena without distiirbaiiee 
from the source of light exciting the fluorescence (quartz analysis lamp)- 

Ultra-violet rays have a hiologiml effect, the region from 320 to 280 iiqx being 
the most, bcnchcial, tlu' intensity remaining the same, while the shfu’ter wave¬ 
lengths have a destrindivc effect on the tissues. As glass absorbs even the longer 
wave-lengths, special glassf must be used for windows, &:c., if the ultra-viokd 
rays in ordinary daylight arc to be utilized. The ultra-violet rays appear to hr 
of additional biological importance in that they evidently transfer their energy, 
as in the phenomenon of phosphorescence mentioned above, to defimle substaia es 
wdiich have an important bearing on the life of the organism. 

V. Schumann of Vienna showed in 1893 that the absorption of short wav(‘s 
in air makes further advance in the short-w^ave direction very difficult. He suc¬ 
ceeded in detecting ultra-violet rays in the spectrum of hydrogen of wave-length 
X = 120 wqx ™ 1*2 X cm. (Schumann region of the ultra-violet) photo¬ 
graphically by means of a vacuum spectrograph, using optical parts of fluoritt* 

* This consists of zino sulphide containing traces of copper, as well as added chlo¬ 
rides, ignited as far as possible out of contact with air (see Vol. V); it is well known 
from its use (mixed with radioactive substances) as luminous paint for clocks and 
watches. ^ 

f [The best-known variety is called Vita-glass (introduced in 1925).] 
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and dry plates containing no gelatine. Using a high vacuum anci a grating spec¬ 
trograph (p. 208) Lyman was ahle (1920) to detect and measure helium lines of 
wave-length X ~ 600 A. — 6.10 cm., while in 1924 R. E. Milliran and Bowen, 
using the highest vacuum meanwhile attainable, detected and measured metal 
lines from a spark discharge down tf) X — 137 A. - = 1-37 >: 10' ** cm. for aluminium. 

Recent advances have pushed the limit to about 1(K) A. For the resolution of 
th{‘ remote ultra-violet, reflection gratings (Chap. VIII, § 10, p. 205) are generally 
used instead of prisms, as these rays are very strongly absorbed by all substances. 
Thus the gap between ultra-violet rays and X-rays (Vol. Ill, p. 347), which extend 
to about 150 A. on the long-wave side, has been bridged. For the prismatic spectra 
of these very short waves see p. 165 and Plate XV; for grating photographs of 
these and radiations of still shorter w'ave-length see Plate XVI and Vol. V. 

Infra-red Rays. —Into the spectrum of an arc lamp or of tlu^ sun 
we bring a zinc sulphide screen which has previously been made 
strongly luminous by intense illumination from an iron arc or diSused 
daylight (not direct sunlight). We then notice that when the screen 
is brought into the spectnim the phosphorescence in the red region 
vanishes (so-called quenching). This eifect, liowever, can also be de¬ 
tected beyond the red part» of the spectrum, so that an invisible radia¬ 
tion must be present on that side also (the so-called infra-red rays). 
As is again established* by interference experiments, the w’-ave-lengths 
of the infra-red rays are greater than those of visible light. To measure 
the intensity of infra-red rays, we use a' sensitive thermocouple ot* 
bolometer, or the radiometer effect (see below). To detect their presence 
qualitatively, it is sufficient to use a thermometer with a long na n ow 
blackened bulb.* All parts of the spectrum give a heating effect whirl 
is proportional to the energy-density at the point in question, tic* 
electromagnetic radiation being transformed into heat on absorption. 
Thus the intensity of radiation can be quantitatively determined both 
in the ultra-violet region and in the infra-red region. If we use an] 
incandescent solid as source of light, the energy-density of the infra¬ 
red radiation is actually very much greater than that of the visible j 
or ultra-violet radiation (see fig. 20, p. 31, and the article on teni-j 
peraturc radiation in Vol. V). 

Glass absorbs the longer infra-red rays; further advances (to aboiit^ 
10 /i. or 21 ju) can only be made by th^ use of prisms and lenses oi 
rock-salt and sylvine respectively, while for very long waves quart/ 
is again transparent (for further details seethe article on residual ray^ 
in Vol. V). Black paper is also transparent to infra-red rays. 

The radiation with longest wave-length obtained from a sour<'<‘ 
of light is that from a mercury lamp observed by Rubens and 
VON Bayer (A 342 /z, 1911), and by Nichols and Tear (A “ 420 /z 
(0-4 mm.), 1925). This wave-length actually exceeds that of the 
shortest electromagnetic radiation which has been produced by 
electrical methods (A = OT mm.; see Vol. Ill, fig. 47, p. 646). 

♦ It was in this way that W. Herschel discovered the infra-red rays in snnlirtt 
in 1800. 
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The Radiometer Effect. —Apart from the bolometer, the radiometer 
is the most sensitive' instrument for measuring infra-red radiation in 
])articular. The radionu^ter effect was discovered by Crookes while 
he was attempting to d(‘teet 1 h(‘ pressure due to radiation. His v^ell- 
known “ light mill(iig. 15. Plate XIV) consists of a small vane of 
thin sheets of mi<\a blackened on one side, arranged crosswise, and 
placed in a high vacuum. If the “ sails ’’ are exposed to radiation, the 
latter is absorbed l)y the black sides facang it and these are heated. 
1Te molecules of the surrounding gas falling on these heated surfaces 
on the averag(‘ n^ceive a gre«ater 
jnomentum on ('ollision than if the 
‘-urfacf‘s were at their normal tem¬ 
perature. Hence the backward mo- 
iiientum which they impart to the 
surfact\s is greater than that of the 
molecules of gas which impinge on the 
oth('r (cooler) sides of tin* mica sheet. 

Ilie sails wdll therefore rotate in the 
djre(‘tion of the radiation—as they do 
t‘ g. if strong daylight falls on them. 

II the vane is suspended from a torsion head, the deflection produced 
on irradiation is a measure of the energy of the incident radiation. 

TJiis effect is to be carejulh^ (listingmshed from radiation pressure, 
wdiieh is not obtained iinmixed w ith other effects unless in an extremely 
high vacuum, while the radiometer effect is a maximum when the 
jiressure of the surrounding gas has a definite low value (fig. 16). 
Under certain circumstances, as Gehlach and Westphal have showm, 
motion may even take place in the direction opposite to that of the 
incident radiation (see also Vol. IlL p. 649). 

5. Measurement of Dispersion. 

The formation of a spectrum w’-hen light passes through a prism 
is due to the laet that the refractive index varies with the wave-length 
of the light. The relationship between them is showm for several 
substances in fig. 17 (the so-(‘alled dispersion curve). 

By using the equation for 5 (j). 62. or for approximate work that for smaU-angled 
prisms will suffice) m e may calculate the deviations of the various rays for a prism 
of given refracting angle from the values of jx given in fig. 17 and hence sketch 
the whole spectrum. This is done in fig. 18 for prisms of four different substances, 
the refracting angle being the same in each case: water, crown glass, flint glass, 
and carbon disulphide. The spectra are drawn one above the other in such a 
way that the C line occupies the same position in all four. We see that the length 
of the spectrum varies with the material of which the prism is made. 

The difference of the refractive indices of a material for the lines 
H and C is called the specific dispersion 6; 0 = /xjj — 



- log p -*■ jnjii Hg 

Fij? 16—Variation of the radiometer 
effect with the pressure inside the vessel 
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'Flic difference of the refractive indices for any other two wave-lengths is 
called the partial dispersion for the rosion in question. Tiie dispersion for 
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Fig. 17.—Dispersion curves tor v.uious substances (the ordinate merely gives the additive term a ■ 

i)rightest part of the spectrum between the 0 and h lines is also called the mean 
dispersion. The ratio of this difference p-p — [Xq and the refractive index for the 
D line diminished by unity is the dispersive power of the refracting substance. 
It is usual to follow Abbe and quote its reeiprf^eal, 
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Fig. 18,— Lengths ot j.pcctrj produced by different substances under otherwise similar conditions 


This expression (Abbe’s number) is very suitable for characterizing those pro> 
perties of a substance which have an essential bearing on its use in optical systems* 
The total dispersion of a prism of small refracting angle a is 

0= 0a. 
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The values of the refractive index given in fig. 17 for light crown glass and 
liea\y flint glass are examples from tuo types of glass, of which tho first has a 
■v(‘ry small specific dispersion and the second a very large speeifh^ dispersion. 

merely serve as examples, ior nowadays a large number of glasses with 
e\tiemeiy varied optical pro]>erties are manufactured. 

Refractive Index for X-Rays.—For the ra\s of about 100 A. and less men¬ 
tioned on p. 162 the refractive indices of almost all substances are slightly less 
than unity. Tho difference from unity is extremely small (of. legend, fig. 20, 
Plate XV). A consequence of this is that when a beam of such radiation meets 
.a solid body in air the ray is in certain circumstances totally reflected. The ray 



.Xrays 


Fig. 19.— Refraction ol X-ra\\ a glass prism .{(cording to Larsson, Siegbahn, 
and Waller (Irorn /.eitiJu, f. techn, Fhysik, \ oL 8 (Barth, Leipzig) 


must, howe\er, fall on the boundary at almost grazing incidence, as tho critical 
angle differs from OO'^ bv only a few minutes'. Owing to tins pro])erty of the 
retracti\e index, these rd\s are refracted towards the refracting e<lge c.g. of a 
glass jirism. As in this region dispersion still occurs, i.e. the refractive index 
'\<ines with the wave-lengih, it is possible to obtain prismatic spt'ctra in this 
way, as is shown for X-rays of certain wave-lengths in figs. 19 and 29. 


6. Achromatic Prisms and Lenses. 

Achromatic Prisms.— For a prism of refracting angle a tlie deviation 
loi the Fraimholer V line and the total dispersion 0 are as follows; 

So ■- 0*5160a; 0 = 0*0089a for crown glass, 

— 0*G144a; 0 0-017ia for flint glass.* 

It follows that whereas two prisms whth the same refracting angle, 
one of crowm glass and one of flint glass, give rise to very nearly the 
same deviation, the dispersion and hence the length of the spectrum 
produced is nearly twice as great with flint glass as it is for crown 
glass. On the other hand, it is possible to make prisms with the same 
dispersion using either kind of glass; their refracting angles must 
then be in the inverse ratio of the specific dispersions, i.e. in the i‘atio 
39 : 171 or approximately 1:2. Then, however, the deviations pro¬ 
duced by the two prisms are approximately in the ratio of 1 : 2 for the 
€ line. Hence if two such prisms are fitted together in such a way 
that their refracting angles point in opposite directions, the resulting 
compound prism deviates the rays almost without dispersing them 
at all. A prism of this kind is called an achromatic prism, 

* These values are for the types of glass ordinarily used for the purposes described 
belDw^ 
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Fig. 21 shows an achromatio prism consisting of a crown-glabs prism with a 
refracting angle of 60® and a flint-glass prism with a refracting angle of 35®. A 


»/ 



ray falling on the crown-glass prism from the left is split up into a fan of colours 
whoso outermost boundaries are AB (red) and AC (violt't). The dispersion is 
then counteracted by the flint-glass prism and the two rays GR (red) and H\' 
(violet) travel on parallel to one another in a direction making the angle 3 with 
the original direction. If a w^hole pencil of rays falls on the prism from S instead 
of a single ray, all the coloured components emergmg parallel to one another are 
reunited to form white (except for the naiTow resrions at either extremity; these, 
however, may bo stopped out). 



Fig. 22.—If the lens is not achromatic the various colours have clifteient foci 


Achromatic Lenses. —We have already explained the action of a 
lens by regarding it as composed of a number of thin prisms. It follows 
that it is also possible to combine lenses of crown glass and flint glass 
in such a way that the combination behaves like a simple lens as 
regards deviation of the rays, but exhibits no chromatic dispersion. 
Such combinations are called achromatic lenses; they consist of a 
biconvex lens of crown glasws and a concavo-plane lens of flint glass 
and act like a simple convexo-plane lens, without dispersion. The 
objectives of telescopes consist entirely of achromatic lenses. If teh*- 
scopes were made with ordinary lenses, the images of objects would 
have coloured margins.* 

♦ The possibility of achromatic prisms and lenses occurred to Newton, but un¬ 
fortunately he chose for his experiments two substances of equal dispersive power, 
and concluded that achromatism is impossible. Achromatic telescopes were first made 
alx)ut 1733 by an English amateur, Chbstee Moor Hall (1703-1771). His instm- 
raents were excellent, but he published no account of them, and the chief crc'dit for 
the invention must be given to John Dollond, a Lonilon optician of Huguenot de¬ 
scent w'ho, intlueuccd by the work of Newton, Euler and the Swede Klikoenstierna, 
from 1757 manufactured achromatic telescojics on a large scale. 
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While ia the ease of an ordinary lens the violet rays of a parallel 
pencil incident on the lens are brought to a focus at (fig. 22), which 



lies nearer the leii^ than F,, the focus for red rays (chromatic aberra- 
tion), in the case of an achromatic lens form(*d by the combination ot 
a convergent lens of crown glass and a divergent lens of flint glass, 
the coloiirc'd components emerge ])arallel to one another ami henc(‘ 





Fig. 24.—Colour curve for two objectives: E is an ordinary objective, 

B a three-component apochromat. The abscissae represent hundred- 
thousandths of the focal length Above, a diagram of the positions of the 
foci for live different wave-lengths (Carl Zeiss, Jena.) 

are brought to a focus at the same point F (fig. 23). How completely 
achromatism can be attained is shown in fig. 24 for two astronomical 
objectives.* 

*[In tbia figure the focal length for the F line is taken as a standard, and the 
curves exhibit the deviations which occur for other wave-lengths. The corresponding 
curve for a perfectly achromatic objective would be the vertical straight line through 0.] 
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Secondary Spectrum.—In the combinations of prisms and lenses which w© 
Jiavc described, achromatism, strictly speaking, exists only for two arbitrarily 
chosen points of the spectrum (in the above examples for the and H linos), 
the removal of the dispersion being incomplete for the other regions of the spec¬ 
trum owing to the variations of the partial dispersion; the chromatic dispersion 
still remaining is called the secomlary spectrum of the combination. By combining 
a grtTitcr number of lenses of various kinds of glass, the socondaiy spectrum may 
also be largely got rid of if the types of glass are suitably chosen. In the micro¬ 
scope apochromats (fig. 28, p. i40) the secondary spectrum has been reduced 
until it can no longer be detected. 

Further, achromatism is only achieved for the rays which traverse the lens 
jiarallel to its axis; heni-e coloured margins are seen even in a teU'seope (and 
particularly in the case of ordinary opera-glasses) if one looks obliquely through it. 

Chromatic Aberration of the Eye.~ Even the human eye is not completely 
achromatic. If one looks at an upper bar of a window vith the head bent far 
do\vn, the lower edge of each bar will appear red and the upper edge blue. Again, 



Fig. 25.—l^uth ot the ra\s m the direct-vision prism 


if one pricks a small hole in a piece of paper with a needle and observes a small 
object, not in the centre of the field of view, through this hole, it will appear to 
have coloured margins. 

Direct-vision Prism.—If two ]>risms, one of crown glass and tlie 
other of flint glass, are combined in such a way that their refracting 
edges are turned away from one another, and Iheir refracting angles 
are such that the mean deviations of the two jirisms cancel one another, 
the dispersion of the flint-glass prism is approximately twice that of 
the crown-glass prism. The central part of the pencil of rays then 
leaves the combination in approximately the same direction as on 
entering; the combination forms a direct-vision prism.* 

As a rule three or five prisms are combined as in fig. 25. The various surfaces 
are cemented together with Canada balsam is order that reflection at the boundary 
surfaces may be avoided as far as possible. The yellow part of the spectrum in 
fig. 25 leaves the prism undeviated, the red part being deflected upwards and the 
violet part downwards. The well-known small direct-vision spectroscopes for 
use in the hand consist of a tube containing a direct-vision prism, an adjustable 
slit, a collimating lens, and a small telescope. 

7. Anomalous Dispersion. 

The relationship given by the dispersion curves of fig. 17, p. 161, 
is the normal one for colourless substances in the visible region; the 
refractive index increases as the wave-length diminishes. Materials 
exist, however, in which the reverse is the case, i.e. in which the 
refractive index diminishes as the wave-length does so, or, in general, 

* Direct-vision prisms were first made by the Italian physicist AmiOI (1786-1863); 
hence they are often called Amici prisms. 
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in -which the dispersion curve exhibits maxima and minima. This 
is actually the case for all substances if we consider a wider range of 
the spectrum than the visible region. The plienomenon is known as 

anomalous dispersion. 

Experimental Facts.—Anomalous dispersion was first observed by Le Rotjx 
in 1801 with iodine vapour; th(^ phenomenon was thoroughly investigated by 
< ’UKJSTiANSEN * in 1870. He determined the refractive index of an 18*8 per cent 
^olution of fuchsine in alcohol by means of a liquid prism of this substance with 
refracting angle of 1° ]4'. The results of his experiments for a number of the 
Fraunhofer lines are as follows: 

B C D E F G H 

F4r>0 F502 ]r>61 — 1-312 1-285 1-312. 



cl\ 16 

Fjg, 26 —Anomalous spectrum obtained bv Christiansen by means of a prism 
tontaimng fuchsinc solution 

Fig. 26 ib a graphical re[)n‘seiitation of the spectrum obtained by ( ‘iirlstiansen 
with this prism. The ahsc-ibstc denote the deviations and the ordinates are pro¬ 
portional to the intensities of the colours; the bniall interval ah gives the length 
of the spectrum produced by the alcohol used for the solution, the refracting angle 
b(‘ing the same. By comparing this interval wuth the length of the w^hole figure, 
we gam an idea of the extraordinary magnitude of the dispersion of the solution 
of fuclisino in alcohol {8 ~ 0-270) as compared with that of alcohol (S -- 0-013). 

IviJNDT found that all substances with surface colour, especially those with 
a metallic lustre, exhibit marked anomalous dispersion. Tn solution these sub¬ 
stances absorb a fairly sharply-defined region of the spectrum; in the neighbour¬ 
hood of the absorption region the deviation from the normal behaviour is parti¬ 
cularly well marked. This behaviour is also exhibited by fuchsine, n hose alcoholic 
bolution absorbs the green almost completely, even in very thin layers (cf. fig. 20). 
In lh(‘ solid state fuchsine has a pronounced greenish-gold metallic lustre, 
which is duo to the fact that the greenish-fellow rays which are strongly absorbed 
by it are also strongly reflected. 

In his investigations Kxtndt used the method of crossed prisms, A beam of 
■white light (fig. 27) falls on the prism I, which has its refracting edge KjKi hori¬ 
zontal; it is thereby spread out into a fan of colours in a vertical plane, wdiich 
would produce the spectrum AH on the vertical screen 8 if the prism JI with its 
refracting edge K 2 K 2 vertical were not interposed in the path of the rays. Each 
of the rays giving rise to the fan of colours is refracted by the second prism. Then 
if the second prism is of the same material as the first, the violet part of the 
fan of colours, which would otherwise be found at H, is most deviated; while 
the red part, which w^ould be found at A, is least deviated, so that the oblique 
rectilinear spectrum A'H' is produced on the screen (see also fig. 28). If, however, 
the tw^o prisms are of different materials, the combined effect of the two prisms 

Christian Christiansen (1843-1917), Professor of Physics at Copenhagen from 
1881 to 1912. 
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does not give rise to a straight spectrum imless the refractive indices of the two 
substances are proportional to one another for all parts of the spcctmm. If thia> 



is not the case the spectrum is cur\cd. Thus if two prisms, one of crown glass 
and the other of flint glass, were crossed, they would give rise to a cur\ ed spectrum 
in fig. 28. 

Fig, 2D shows the spectrum produced when a flint-glass prism and a prism 
Flint glass Cyaianc SolutiOTL 



Figs. 28, 29 —Spectra obtained with crossed prisms 


containing concentrated cyanine solution are crossed. The region round the D 
lino is completely absorbed by cyanine; the neighbouring region on the one 
side, corresponding to the C line of the spectrum, exhibits stronger anomalous 
dispersion than the neighbouring region of the E line on the other side, although 
in the normal spectrum this lies much closer to the violet end than the C line does. 

Ktjndt also succeeded in producing extremely thin wedge-shaped shex^ts of 
metal, which enabled him to determine the refractive indices of metals for various 
regions of the spectrum. He thereby established the fact that the refractive 
indicCxS of metals, e.g. of silver, gold, and copper, for sodium light are less than 
unity (e.g. 0*27 for Ag, 0-58 for Au, 0-C5 for Cu in yellow Hght); further, that a 
simple relationship exists between their refractive index (especially for long 
wave-lengths) and their electrical conductivity. These experiments were subse¬ 
quently repeated by Du Bois and Rubens ♦ and also by Hagen and Rubens 
and extended in a variety of ways. 

* Heinrich R-ubens (bom in 1865 at Wiesbaden, died in 1922) was mode Professor 
of Physics in Berlin in 1906; he was previously at the Teohnische Hochschulcy 
Charlottenburg. 
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In 1880 Kuj^jdt went on to observe the phenomenon represented in fig. 30, 
which occurs when a bunsen flame full of sodium vapour is placed in the pal b of 
the rays forming the spectrum of white light. The dark D line produced by absorp¬ 
tion of the light by the incandescent sodium vapour exhibits distortion as a 
result of anomalous dispersion. The sodium flame acts as a prism with its 
refracting edge vertical, so that w^e really have the crossed prism aiTangement 
again. 

Tn 1898 Henri BEcguERKL*^ repeated the experiments on the anomalous 
dispersion of incandescent vapours, using a spectrometer with a dispersion 
sutticient to show the 1) line as two lines (p. 158). As a result he dLsco\ered 
the phenomenon illustrated in fig. 31. In the neighbourhood of each of the 
two absorption lines the refractive index of sodium vapour is extremely large 
for the rays on the red side, but less than unity for the rays on the violet side. 



Fig, 30 


Fig. 31 

Anomalous dispersion of sodium vapour 


Explanation of Anomalous Dispersion and of Normal Dispersion.— 

The cause of dispersion was first recognized by Sellmeier in 1871. 
He assumed that the molecules have proper vibrations of definite 
frequencies. The resulting resonance phenomena give rise (as Stokes 
had also assumed earlier) to absorption, for the energy transferred to 
the resonators and used up in their vibrations is obtained from tlui 
incident radiation: further, the velocity of propagation of light is 
also affected. This varies according to the difference between the 
frequency of the light and the frequency of the excited proper vibra- 
tion of the molecule, so that dispersion occurs. 

The Propagation of an Electrowagnetic Wave through a Material 
Medinm .—It is essential that we should consider this process, in 
order that we may understand refraction phenomena. It is thought 
of as follows: each material particle (atom or molecule) carries an 
electric charge (Vol. III. p. 641). It is therefore capable of executing 
electromagnetic vibrations (of being a resonator): let its proper 
frequency be Vq. (Usually there are many proper frequencies; see 
below.) On p. 224 of Vol, II we have already shown for wave motion 
generally that if the system has a proper vibration the velocity of 
propagation will differ for different wave-lengths, for the incident 

Henri Becquerel (1852-1908) wa« latterly professor at tho Ecole Polytech- 
nique in Paris; his father Alexandre Edmond Becquerel (died 1891) and his 
grandfather Antoine C^:sar Becquerel (died 1876) were also well-known physioisis. 
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wave of frequency v excites the resonators to execute forced vibrations. 
Each resonator becomes the starting-point for a spherical wave, 
whose amplitude in the (‘as(^ of undamped resonators is smaller than 
thit of the incident wave m the ratio oi 1 : (tq-— r-): there is also 
a difference of phase between the tw^o, and th(‘ amplitude is affected 
by dam])ing. if such exists (see the account of resonance phenomena 
on p. 198 of Vol. II, especially figs. 17 and 19). The exciting vave, 
however, is itself due (according to Huygens’ principle) to inter¬ 
ference of the spherical waves which start from the individual nvsona- 
tors 111 the neighbourhood surrounding the resonator in qu(‘stion. 
The result of this complicated interference phenomenon is then wliat 

The resultant wave therefore 
depends in a very conqili- 
cated way on the mdividuai 
elementary waves wfiich are 
set up. At each particle the 
})hase of the w^ave is some*' 
what altered, so that the 
velocity of the w^ave (more 
accurately, the phase of tin* 
w^ave) IS altered (accelerated 
or retarded) as compared 
with the velocity in iree 
space, in direct measure¬ 
ments of velocity, what wo 
observe is merely the 
velocity (Vol. II, pp. 222. 22(); 
see also the present volume, Chap IX, § 2, p. 219). The wave velocity 
(phase velocity) is obtained by dividing the velocity of light in free 
S])ace by the refractive index. From this we must also distinguish 
the so-called signal velocity, i.e. the velocity with which the front of 
the wave motion advances. As consideration of the phenomenon 
described above shows, it is independent of the material filling the 
space; the latter affects the phase only, as a result of the sympathetic 
vibrations of the electric charges and resonance. In material media 
th(‘ signal velocity is still equal to c, the velocity of light in fr(‘e 
vspace. 

A number of special cases of the propagation of light will be discussed in 
rather more detail in Vol. V. 

Wo see from the above discussion that the phase velocity, and hence also the 
refractive index, depends in each case on the proper frequency of the resonators 
and their degree of damping. For substances with normal dispersion in the visible 
region it is frequently sufficient, in order to represent the principal features of 
the dispersion, to assume only two frequencies, one in the ultra-violet and one 
in the infra-red. Fig. 32 exhibits a curve obtained theoretically, drawn on the 
basis of the more detailed formulae w^bich were given subsequently by Helmholtz, 


WT^ call the ray traversing (he medium. 



Visible region 
~*X in mscrons 


Fig. 32.—Complete dispei&ion curve (after JuiUch). 
Ideal case of a substance with absorption bands at 200 
iWM and 2/w. 
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KiiiTTEJLEii, DilUJDE, LoKENTZ, and Planck. As ^\e nee, the dispersion is anoma¬ 
lous on the short-wave side of a proper vibration. We see this in figs. 30 and 31 
also, since the I) line corresponds, as its absorption in sodium vajiour shoA\s, to 
a resonance frequency of tlio sodium atom. 

On the long-wave side the dispersion is normal; it decreases continuously 
after reaching a maximum, whoso value and i)osition depend on the degree ai 
damping. As w e see, the region of ‘‘ normal ” dispersion ia only a small section of 
the more general disyxu'sion curve. Normal disyiersion in the visible regien is to 
be ascribed to tlic effects of absorption in the ultra-violet and usually in the 
infra-red <is well. 3110 ultra-violet vibrations are caused by electron^, the infra¬ 
red ])\ ions, as is also revealed by the phenomena of residual rays (V'ol. lii 
accordance with the behaviour of the dispersion curve, the refractive index 
i'is(N as the wave-length diminishes (i.e. in the ultra-violet, as the resonances due 
to the electrons often lie very far in the ultra-violet) for almost all substanc'cs 
which arc transparent in the visible region. For very short waves (e.g. X-rays) 
the refractive index loses much of its importance, as the wave-length is then of 
the order of the dimensions of a molecule (10~" cm.). Scattering, such as we 
observ(‘ (ven in the visible region wuth relatively largo particles (smoke, milk), 
then pla\s the principal part (p. 232). The refractive index for X-rays, as we 
have soi'U, has been found to be slightly less than imity (p. 1G5). 

It is an inter(‘sting experiment to construct an artiticial medium with rcseaia- 
tors of (Icfiiiite pe^riocls and to dd ermine its refractive index in the ncighbourliood 
of the r(‘Sonanco wave-length. An experiment eif this kind was made by 
8cuAr?:R with electric resonators of wave-length 82 cm., and ho w^as able, using 
eorres})ondingly long electric waves, to establish tlie existence of normal and 
anomalous dispersion on the two sid(\s of the yiroper frequeiu v. 

Molecular Refraction. -The alternating elcctroniagnctie field of tlu' mcident 
light gives rise to polarization of the molecules (Vol. Iff, p. 99), the charge's on 
the molecules being slightly displaced relative to one another. If wo substitute' 
Maxw'KLl’s relationship * 1) ~ (Vol. Ill, p. 044) in the equation for the mole¬ 
cular polarization which we obtained on p. 102 of Vol. Ill, we have the so-called 
molecular refraction 


p2 - 1 M 

2 -b 2 p" 3A, 


W^o thus Jiavc a means of obtaining data on the electrical jiroperties of the 
medium from optical experiments (st'c ionic refraction, \dd. V). Even permaiumt 
dipoles are able to follow the variations of the alternating field, provided thtsi' 
are not too rapid. To this are due the dispersion phenomena in such substances 
(\'ol. Ill, p. 104) in the region of short electrical wwes (Debye). 


* Hero D and p are to be taken for the same w^ave-Jength, which must b(' at a 
sufiicient distance from the position of resonance, as Maxwell's relationship tcd <(‘8 
no account of resonance, i.e. applies only to the asymptotic portion on the nglit-hand 
side of fig. 32. 
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Tlie Interference of Light Waves 

1. Fresnel’s Interference Experiment. 

Coherence and Capacity for Mutual Interference. —During the 

whole of our discussion of optics up to this point, we have had to take 
account of modifications of the phenomena and of actual interference 
phenomena due to the undulatory nature of light. Now that we have 
some acquaintance with optical relationships and the way in which 
opti(‘al instrimients work, wo shall proceed to investigate the con- 
ditjoTis under w^hich light interference occurs in greater detail. 

A\ e must again emphasize that the presence of coherent wave-trains 
dillering in phase is essential if lasting interference phenomena are 
to occur. Waves of any energy sent out in auy direction by ri large 
eniittcu* of electromagnetic waves are coherent for any length of time 
(in the case of continuous excitation by a valve transmitter, but not 
with a quenched-spark transmitter), just like the waves emitted by 
a uniformly and continuously excited tmiiiig-fork. On the other 
hand, the electromagnetic waves emitted by a source of light are 
not coherent for any time and in any direction. As we have already 
explained on p. 2, ‘^ordinary” light consists of a sum of mutually 
incoherent wave-trains, (‘a(‘h of which is coherent in itself. As an 
acoustical model we might adduce a very large collection of tuning- 
forks, each of which is excited at entirely irregular intervals and gradu¬ 
ally comes to rest. Th(^ sum of all these separate w\‘xve-trains would 
then be the ‘‘ ordinary ’’ radiation from the collection of tuning-forks. 

That is, only light which starts from one and the same point of 
the source (probably from a single atom or molecule) can be coherent. 
Among the immense number of wave-trains emitted by a strong source 
of light, a coincidence of phase at different points may occur acciden¬ 
tally for a short time. We shall not go further into this phenomenon 
(which is known as consonance), nor shall we discuss the possibility 
of relationships existing permanently between the phases at different 
points of thsi source of light. For some remarks on this point see 
Vol. V. 

Fresnel’s Mirror Experiment* —One of the historically most impor- 
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tant attempts to produce interference phenomena systematically by 
the combination of coherent wave-trains is Fresnel’s mirror experiment. 

Two plane mirrors of black glass meet one another along a straight 
rdge in such a way that neither nairror projects beyond this inter¬ 
section. The two mirrors are inclined to one another at a very small 
angle (only a few minutes). At a distance of a few centimetres from 
1 he common edge a narrow slit . 

IS set up vertically, close to the ’ f 

surfaces of the mirrors, in such ij , /y 

a way that it is exactly parallel i i i i \ / / 

to the common edge. The slit is ! 

illuminated from behind by a J »!/ 

bright source of light so that the { iji 

rays of light passing through the j 

slit fall on both mirrors and are \ 

reflected by them (fig. 1). * /j(/ \ 

I he pencils of ra^^'s starting from '/^i\ \ 

the slit L and reflected by the tv\o T I'l \ 

Tnirrort> Sj and Sg behave as if they l\ \ 

'acre due to the two virtual images 1 ll 1 \ 

L| and L 2 . As contrasted vith t\^u I / 1 1 \ 

arbitrary sources of light, they ha\e I / 1 1 \ 

tlie important additional property of I / j 1 \ 

emitting coherent light. 1/1 \ 

The two pencils of rays cross 1 / 1 1 \ 

one another in the region com- 1 \ \ 

mon to them both in the same j / ' 1 \ 

way as the two systems of waves 1 / ' 1 \ 

do in the experiment with water 1 \ \ 

waves (Vol. II, p. 214). In fig. 2 j / ' 1 \ 

the intersections of the waves are 1 / * \ 

shown as if the wave systems 1 / ' \ 

came directly from and L^. ' \ 

The heavy circles denote the j / I \ 

wave crests, the light circles the ^ -V T 

wave troughs. These give rise Fig. i —Fresnei-s mirror experiment 
to a family of hyperbolas along 

which wave crests always coincide with wave crests and also 
wave troughs with wave troughs. Between these lie hyperbolas along 
which a wave crest of one system always coincides with a wave trough 
of the other system. Hence if a white screen is brought into the region 
where the waves overlap, alternate bright and dark bands (interfer¬ 
ence bands) will be seen on it, and in particular there must be a bright 
band exactly in the centre of the interference region, along the line 
which bisects L^Lg at right angles. 


Fig. I —Fresnel’s mirror experiment 
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On the white screen there is a hripht spot of light due to simultaneous illumi¬ 
nation by both sources (fig. 3), which is intersected near the eoritre i)v bright 




f iij. 2 —IXplaridtion ot 1 icsncl '» 
mirror cxiieimient 


Fig* 3. —System of interference bands in 
Fresnel’s mirror experiment 


and dark vertical bandb. The bright bandb coircbpoiid to tliobc points at ’v\hitli 
the two pencilrt of light are in the same pha'=!c, \\luk‘ at the dark bands the two 
peneds arc in ojjposite phases. The bright and dark bands seen on the scrtHHi 
are the lines along which the screen intersects the family of coiifocal hvperbolas: 
in the case of water waves the latter may also bo observed directly. 

Fresnel’s mirror expiTimeiit 
may bo used to determine tin’ 
w<ive-l(‘ngth of the liglit under 
investigation. 

L(‘t and L, m lig. 4 be the 
virtual images of the slit produced bv 
tlie two nurrors; L| and are to b<‘ 
regarded as the starting-points of the 
two systems of w'avcs. Let 88 be the 
eross-section of the screen on winch 
the Fresnel bands are received; it is 
set up at a great distance from 
(in order that the interference lyvpcr- 

_ ^ _ bolas may bo regarded as straight 

^ h' n fj S hnes). IVIB is the iierpendicular bi- 

K_^_/ sector of and meets the screen at 

S B; then B is a point in the bright 

Fig. 4 .—To illustrate the theory of rresncl’s Central band, for ™ LgB. The 

mirror experiment point B is a point of the same phase in 

both systems. The pi^int D lies on a 
dark band if the difference of its distances from L> is half a wave-length. 

D' denotes the corresponding dark band on the other side of B. 

We put LjLg = d, DD' — 5, and MB — a. As on p. 16, we have 

a 

where a and S can be measured directly. To determine d wc interpose a convex 
lens in the path of the raj's as shown in fig. 5 and thus produce real images jCi> Cz 
of the virtual point sources L^, Lg on a screen provided with a scale. We can 
then find w, the distance between the slit and the lens or (to a sufficient degree^ 
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of accuracy) the distance between the apparent sources of light and the lens, 
w, the distance between the real images and the Ions, and 6, the distance between 
the real images. By geometry it then follows that d rnbjny so that all the quan¬ 
tities required to determine X are measurable. 

Example,—a = 2000 mm., S — 2 mm., m = 220 mm., n = 2200 mm., 6 = 
5*9 mm. (the focal length of the convex Ions is 200 mm.). Hence d -- inbln = 
0 59 mm., X — 0*59 x 2/2000 — 0-00059 mm. -- 590 m\i, 

Fresnel also succeeded in producing two coherent sources of 
light by means of two prisms with small refracting angles placed 
base to base (biprism); the joint effect of these sources again gives 
rise to Fresnel’s interference bands. 

Coloured Interference Bands. —^If we use monochromatic light, e.g. 
the filtered green light from a mercury arc lamp, the system of bands 
is green and black; if, however, we use white light, the bands are 



coloured. This is due to the fact that, as we have seen, the breadth 
of the bands is different for every wave-length, so that the various 
inono(;hromatic phenomena overlap (see below). If we let the system 
of interference bands fall on the slit of a sj)ectroscope so that the bands 
arf‘ at right angh^s to the slit, we obtain the figure shown on the 
coloiiKid plate (facing p. 158), a spectrum crossed by dark curved bands; 
from this it at once follows that the wave-length of light is greater 
the nearer it lies to the red end of the spectrum (pp. 16, 208). 

If the interference bands are very close together, we only see the 
coloured margins of the bands. If, on the contrary, the bands are 
far apart, each bright band takes the form of a complete spectrum. 

2. The Colours of Thin Films. 

The well-known iridescent colours of soap-bubbles, the variegated 
colours of thin layers of oil spread out on the surface of water, and 
the colours which appear at cracks in colourless glass are all due to 
the interference of light. 

Experiment 1.—If a plane rectangular framework of wire about 5 cm. by 5 cm. 
is dipped into soap solution and then lifted out again, parallel horizontal coloured 
bands are seen on the soap film stretched across the frame, provided the latter 
is held vertically in such a way that two of its edges are horizontal. The bands 
are found to move gradually downwards and farther apart, while the upper 
(K6I8) 13 
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portion of the film becomes thinner and thinner and finally tears apart. Just 
before the film tears, its upper portion becomes colourless and transparent; by 
transmitted light it appears bright, by reflected light dark. If the experiment 
is repeated with the film ilJuminatc'd b}" yellow sodium light, the bands are uni¬ 
formly bright or dark and are exhil)ited in large numbers and with great distinct¬ 
ness. 

Ejcperirnent 2.—Tw’o perfectly flat pieces of plate glass 20 cm. by 5 cm. are 
laid one on top of the other in such a way that they are in complete contact 
along one of the short edges, while at the opposite edge they are separated 
by a thill piece of pap-r or a strip of aluminium foil. Thus a thin wedge-shaped 



tig. 6.—-NeiMon’s rings 



Fig. / I u jllubtrate the theory of 
colours m thin films 


air-space is left between the platen; ^\hen it is illuminated by \\hite light, coloured 
bands are seen, especially at the end where the plates are closest together. If 
sodium light is used, the whole air-space is crossed by bright and dark parallel 
lincNs from end to end. 

Experiment 3.—If a slightly convex lens, e.g. a spectacle glass of focal length 
4 m., is laid on a flat piece of plate glass, the point of contact of the lens and the 
plate is surrounded by a system of many-coloured concentric circular rings, 
wfiich on illumination by sodium light are transformed into a system consisting 
of a large number of bright and dark rings (fig. 6). 

The common feature in all three experiments is the occurrence of 
coloured or bright and dark interference bands when light falls on a 
thin film of substance with a refractive index differing from that of 
the surroundings; hence the phenomena are referred to as the colours 
of thin films. The third phenomenon was first observed scientifically 
and investigated by Newton (1676); hence this phenomenon is 
referred to as Newton's rings.* 

These phenomena may be explained as follows. 

♦ Newton, who inclined to the corpuscular emission theory of light, attempted 
to explain the occurrence of colours in thin films by a special property of the particles 
composing the ray of light. According to Newton, the minute corpuscles falling on 
a refracting surface receive a disposition which recurs at regular intervals as the ray 
passes on; this enables the particles to penetrate readily into the next refracting 
surface at each return, but to be readily reflected between each return. These periodicallv 
recurring dispositions Newton called fits of easy transmission and fits of easy reflec- 
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L(‘t a parallel pencil of li/]^ht fall on a thin layer or film bounded 
by parallel planes. Then on both the front and back surfaces of the 
film the pencil of rays is split up into a reflected part and a trans¬ 
mitted part. The two })arts of the pencil which are reflected from 
the front and back surfaces can then interfere' with one another, and 
^o can the parts which are transmitted. 

In fig. 7 WHH denotes a section of the thin film, c.g. of a soap bubble, the 
dimensions being greatly exaggerated. Let there be air above and belou tlie 
film. A light ray SA forming part of a parallel pencil falls almost viTtically on 
the front surface of the film (m the figure the ray is drawn obliquely in ordi'r 
that its various parts may be separaUdy visible). At A part of the ray is reflei led 
along AD by the front surface of the film, while part of the ray enters the film, 
tiMveiling along AB. At B partial reflection again takes place, one yjortioii of 
Ili(‘ light travelling along BB, and another portion emerging into the air along 
fit*. The last rt'fleefed portion is again partially reflected into the film along EF 
<it the front surla(*e, another }>ortion entering the air and travelling in the diree- 
tion EG. Thf‘ portion EF is then partly reflt‘eted again at F on the baek surface, 
the light travelling along FK, and another portion FL entering the air. The 
last reflated portion FK is now agam reflecttKl at the front surface. Thus the 
uliole ray is sjdit up into two systems of rays, one system going back into the 
original medium and the other entering the medium behind the film. If the 
light 18 incident alm^ist at right angles to the film, AD, EG, &c,, and also BC, 
FL, <&:e., fall in the same line. We now eonsidcr only the ra 3 ’s AD and EG in front 
of the film and the ra^^s BC and FL behind the film, as these are far more intense 
than the others and, moreover, the relationships which hold for these rays are 
aKo valid for the remaining raj’s. 

If the thickness of the film is r/, the optical difference of })ath (p. 103) betw'oen 
tlie rays BC and FL is BE -f EF. If this difterence of path amounts to half a 
wave-length or an odd multiple thereof, the two rays BC and FL, if equally 
intense, would completely cancel each other, i.e. by transmitted light the film 
here would appear dark. As, however, the intensities are not equal, the intensity 
ot the light is considerably enfeebled but not extinguished. If the rays are incident 
<»Ti the surface at right angles, the difference of path is 2\id, 

It follows that at all places where the optical thickness of the 
film {(jid) amounts to a quarter of a wave-length or an odd multijile 
thereof, the film must appear dark by transmitted light. The two rays 
AD, EG which return into the front medium also have a difference 
of i>ath of 2fxd when the light is incident on the film at right angles. 
Hence if this difference is an odd multiple of half a wave-length, i.e. 
if the optical thickness of the film is an odd multiple of a quarter 
wave-length, the film must also appear dark by reflected light. It 
would follow that the film should appear dark by reflected light at 
nil the points where it appears dark by transmitted light. This, how- 

f ion. From the coloured rings he calculated that for yellow light the interv al betw een the 
fits was 1/890,000 of an inch. According to Newton, the dark rings by reflected light 
are due to the fact that the thickness of the layer is equal to a multiple of the interval 
between the fits. The light which passes through the first surface of the layer during 
the fit of easy transmission is then in the fit of easy transmission again when it meets 
the second surface of the layer, and hence is not reflected. Now adays we are gradually 
returning to ideas similar to those of Newton (Vol. V). 
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ever, is contrary to observation. The film is bright by reflected light 
at those points where it is dark by transmitted light. Hence some 
other circumstance must play an important part in the phenomenon. 

We have already shown in VoL III (p. 636) that fairly long electromagnetic 
waves are subject to a change of phase on reflection at a metallic wall (an optically 
denser medium). The present phenomenon shows that this is also true for the 
electromagnetic waves which form light (cf. Vol. Ill, p. 642). 

The ray SA which enters the film does not thereby suffer a change of phase, 
nor does the ray BC which emerges at B; the ray BC therefore leaves the film 
without change of phase. The ray BE reflected at B is subject to no change of 
phase at the optically less dense medium; at E it is reflected at the optically 
less dense medium and again suffers no reversal of phase; finally it travels along 
FL in the space behind the film without a reversal of phase. The relationship 
deduced above accordingly holds unchanged for the light passing through the 
film, that is, the film appears dark by transmitted light at those points at which 
its thickness is an odd multiple of a quarter wave-length. 

The light which returns into the first medium behaves differently. The ray 
SA is partly reflected back at the optically denser medium; the reflected part 
AD suffers a change of phase, i.e. a change of path of half a 'w ave-length. The 
ray EG which arises from reflection at B. i.e. at the optically less dense medium, 
suffers no change of phase. If the film were infinitely thin at this point, complete 
darkness would arise by the interference of AD with its reversed phase and 
EG; the thickness d — 0 accordingly corresponds to a dark region of the film 
in reflected light. If the difference of path AB -f- BE - is such that the 
phase of AD is altered by a whole wave-length or a multiple thereof, the pheno¬ 
menon is not altered in the slightest. Hence it follows that at the points where 
the optical thickness of the film (p.d) is a multiple of half a wave-length or, what 
is the same thing, an even multiple of a quarter w^avo-longth, the reflected rays 
are extinguished, that is, at these points the film appears dark by reflectiHi light. 

The observed fact that the film appears dark by reflected light at 
points where it appears bright by transmitted light, and conversely, 
accordingly demonstrates the correctness of our assumption that light 
waves have their phase reversed on reflection at an optically denser 
m^ium. 

I The Newton’s rings formed between a convex lens and a flat piece of plate 
gla^s are only seen very indistinctly in ordinary daylight, the central jxirtion 
alone being visible. The colours of the rings cannot be accurately measured.* 
If, however, Newton’s rings are observed^by^pionochromatic light (p. 4), the 
whole space betw^n the lens and the plate is traversed by hlack rings up"^ to the 
edges of the lens.J 

A convenient “way of producing a monochromatic light is to arrange a brass 
tube so that it may be slid up and down the tube of a bunsen burner; at its 
upper end the brass tube ends in two flat pieces of metal which are bent away 
from one another. On the top edges of these flat strips is laid a piece of asbestos 
board 1 cm. across, which is saturated with a solution of common salt. The flame 
then spreads past the edges of the asbestos, giving a broad flame which emits 
practically nothing but monochromatic yellow light of wave-length X = 689 

♦Newton carefully measured the diameters of the rings (1676). The results were 
accordingly available to Thomas Young, who was the first to solve the problem of 
determining the wave-length of light quantitatively (1802). 
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To produce Newton’s rings wo uso a piece of plate glass 45 mm. by 45 mm., 
on which wo place a plano-convex spectacle glass of power 0-25 dioptres. If these 
arc illuminated by sodium light, a large number of 

distinct rings are clearly visible even to the naked eye. a ^ 

J^etter still, we may use the small auxiliary apparatus 

shown in fig. 8, in which the light is reflected vertically A 

oil to the lens and plate by means of a glass plate; the / 

rings are observed through a magnifying^glass and may A ' ^ 

be measured by means of a scale laid on the lower lens. y; ' 

1 \) the distance between two dark rings corresponds a / - ^- 

difierence in thickness of the layer of air lying between / " ' ' 

llu^ lower plate and the lens equal to half a wave-length. ^ ‘ 

That is, the difierence in diameter of the with and nth d 

rings corresponds to a difierence m thickness in the layer s.— Diagram of an 

of air of apparatus for measuring 


rings corresponds to a diilerence m thickness m the layer p^g. s.— Diagram of an 
of air of apparatus for measuring 

Newton’s rings: a, mag- 
> mfymg glass; 6, glass plate 

I\<1 ~~ \ih acting as reflector; c, lens; 

*“ rf, piece ot plate glass. 

biiK^e the refractive index may bo set equal to unity. 

Th© radius of a rmg (a), "the thickness of the layer of air at that point (<i), 
and the radius of curvature of the lens (r) arc connected by the equation 

•It 

Proof: let FEGG in fig. 9 represent the cross-section of a thick piece of plate 
Lilass, and let the dotted seg¬ 
ment bounded by HH repre- D 

sent the principal section of ^ 

a glass lens whose centre of \ 

<‘urvature is M. TTrider the yA \ 

conditions of experiment the / ^ \ \ 

lines drawn from the centre / \ \ 

of the sphere to the circum- / \ \ 

lerences of the rings include / \ \ 

such small angles that arc, j j\f \ 

sine, and tangent are inter- i \ I 

changeable. \ \ j 

Newton’s rings are pro- \ \ j 

duced by the interference of \ \ J 

rays which are reflected in _ 

the same direction, some by / ^ / / / //*/ 

the spherical surface of the 7 

lens next the air and some Fr ryT"? > 7 ' / ; . 7 ' "777 "7 ' 7 T7 7^ 

by the surface FF. Reflec- V/ 'X/// X/ / / CA-d-Li// / / / // /// 

tion of a ray falling on the c ' y ^ X /// ' // ^/^//^ 1 

surface HH at this surface y ^ // F / / //// ^ /////^///> 

contributes nothing to the ^ / // . ^ » /. // ^A. / / / ///// //l( ^ 
production of Newton^ mgs, ^ ^ 

nor does reflection at GG, the 

lower surface of the glass f 

plate, as both are too far removed from the thin layer of air. Hence we may 
neglect the changes of the light ray at th© surfaces HH and GG €is of no 
<onsequence. 

Let A be the point of contact of th© spherical surface of th© lens with th© 


' X X/ A ///''^ ' 


Fig. 9.—-To illustrate the theory of Newton’s rings 
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plato, B a point on a ring of radius u. Let BC, tho thickness of the layer of air 
at B, be d. As construction lines we draw the diameter AD, and also CE per¬ 
pendicular to AD. 

By geometry wo have AE/AC AC/^AD. Owing to the smallness uf the angle 
ADC, we may replace AC by a. Hence we have dja = a/2r, i,e. the equalicm 
d — o^/ 2 r, the truth of which was to be proved. 

The radius of the ring {a) is immediately accessible to measurement, w^hile 
r, the radius of curvature of the lens, may be determined with the heip of the 
spherometer (Vol. I, p. 1 .‘)) or as on p. 71 of the present volume. The difference 
in thickness of the layer of air at tho wth and r<th rings is accordingly given by 

Ad ~ —" ~ ^>{L ~ ^ 

2 r 2 r ^ 2 ’ 

Newton’s Rings by Transmitted Light.—Fig. 10 is a diagiammatio repre- 
eentation of an apparatus by means of which the coloured Newton's rings pro¬ 
duced in white light both by re¬ 
flection and by transmission may 
be j)rojeeted simultaneously on a 
magnifled scale. N is the com¬ 
bination producing the rings, 
which consists of a flat plate 
and a comTx lens of slight cur¬ 
vature. This IS obliquely illumi¬ 
nated with a})proximatcly parallel 
light by means of a strong source 
A (an arc lamp) and the con¬ 
densing lens C. The rays reflected 
from tli(‘ lens and plate are n*- 
combilled by Lj and the trans¬ 
mitted rays by in such a 
way that magnifled real images of thi^ various points of the lens and plate are 
produced on the two screens 8 ^ and 82 ^ magnifled images of the coloured Newton's 
rings are thereby produced at the same time. The\' have a dark centre at M, 
on the screen S| and a bright centre at Mg on tho Bcreeu 8 g. Th(‘se are surrounded 
by a number of rings, which arc strongly coloured, especially the inner ones. 
On the screen Mj tho inner edge of the first ring is blue and the outer edge reil. 
while on the screen Mg the succession of colours is reversed. 

If at Bi and Bg behind the lenses Lj and Lg we set up plane miiTors whose 
front surfaces are alone reflecting, the rays may be reflected in the directions 
Rj and Kg so that tho two systems of rings may bi* received simultaneously 
on a screen W where the rays Rj and Rg meet (in the figure the screen is not in 
the right place; it should.be farther aw'ay from the rest of the apparatus). Tho 
superposition of the tw^o s^^stems of rings then produces a colourless patch of 
light. The colours of the two systems of rings are therefore complementary. 

Removing tho mirrors at B, and Bg w^e insert a glass plate, half of which is 
red and half blue, in front of the screen 8 j. We then obtain the configuration 
showm in fig. 11 : the number of rings becomes considerably greater than when 
no coloured plate was there, and in the red half the rings are farther apart than 
in the blue half. In fig. 11 the dark rings are indicated by thick semicircles, 
tho bright rings by thinner semicircles. The ratio of the wave-lengths of red 
light and blue light may be deduced from the ratio of the diameters of correspond¬ 
ing rings. The last experiment at the same time explains why the coloured 
Niwyton’s rings produced when white light is used and also all other interference 
phenomena are, as we have said before, distinct only in the neighbourhood 


W 



Fig. 10 .—Apparatus for obsciving Nevxton lings by 
transmuted light and b> reflected light 
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of tbo centre and grow palo at a short distance from it, finally vanishing com¬ 
pletely. We have merely to note that to each separate colour there corresponds 
a perfectly definite system of rings, the 
radii of the rings varying from r-olour 
to colour. In the neighbourhood of the 
centre, i.e. where the layer of air is 
thinnest, the systems of rings corres¬ 
ponding to the various colours arc 
still separate. At a gn^atcr distance 
from the centre, i.c. at places Avhere 
the layer of air is thick, the systems of 
rings (‘oiTCsponding to the different 
colours overlap, giving lisc to white. 

The same is true for all interference 
})henomena with white light. 

Fizeau’s Phenomenon. —A phenom¬ 
enon of special interest arises when New¬ 
ton’s rings are produced with sodium light. As the thickness of the film mcrc'ases, 
the clearness of the interference bands is alternately increased and diminish(‘d. 
This observation goes back to Fizeau. The phenomenon depends on the fact 
that sodium light is not really homogeneous, but consists of two components 
which are \ctv close together (p. 158), with wave-lengths 589*0 and 589*0 m^i. 
Hence it is only m the region of the 500th ring that the one component of sodium 
light will give rise to a bright band where the other component gives rise to a 
dark hand, while in the neighbourhood of the 1000th ring the two systems ot 
rings w ill reuiforeo each otlier. I’Ik' alternations of clearness and blurring are 
better observed with the wedge-shaped films produced, e.g. by laying ()ne fiat 
piece of plate glass on another in such a way that they touch along oru^ edg<‘ 
and are separatexl by not too great an interval at the other, than wdth Newdon’s 
rings, w'hich at a considerable distance from the point of contact move closer 
and elo.ser together and heru^e can only be seen separately by using a very high 
magniheatiou. 

It has ht'cu found that oven if the light used is as strictly monochromatic 
as possible, i.e. if one lino is selected from a line spectrum and used alone, almost 
all sources of light exhibit a periodic variation of sharpness in interference bands 
when* the difference of path is large. From tliis it is to be inferred that most of 
the lines in line spectra consist of (‘omponents which lie very close together and 
cannot be resolved b 3 ^ means of prismatic spectrometers. Hence observations 
of interference phenomena with large differences of path have become an im])or- 
tant means of investigating the “ fine structure ” of spectral linos. For some 
examples of this see p. 197 and Plate XV. 

3. Curves of Equal Thickness. 

Systems of interference bands which, like Newton’s rings, are 
associated with regions where the thickness is the same, may be referred 
to as interference curves of equal thickness. 

The superposition of interfering waves which gives rise to Newton’s 
rings occurs in the region where the thickness is varying; hence the 
rings are not seen clearly unless the eye is accommodated for them. 

The way in whiofi such interference arises is illustrated once again in fig. 
12. Two ra^^s PA, PB start from the point source P. PA is reflected at the front 
surface of the plate, and reaches the retina of the observer’s eye by the path 



Fifif. 11 .—Newton’s iings uith red light and 
with blue light 
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AEN. PB enters the plate at B, is then reflected at C by the rear surface, and 
leaves the plate at A, subsequently reaching the eye by the path ADN. As the 

e\e is accommodated for the point A, the rays 
j> ^from A meet at a point N on the retina. The 

point N is bright or dark according as the rays 
are in the same phase or in opposite phases when 
they reach the retina. A difference of phase, if 
presfmt, must of course have been present at the 
point A. As the rays leaving P are coherent, 
they are also in the same phase at both B and 
K, BR being perpendicular to PA. The difference 
of phase is accordingly determined by the tvo 
paths BC 4- CA and RA. The optical length of 
the path BC-f CA is given by (jl(BC 4- CA). The 
difference of path between the two rays (Au’) is 
accordingly pi(BC 4- CA) — AR. If we assign 
the same value i to the angles of incidence of the two rays (which are very 
elose together), it follows from fig. 13 that 

Aw = |jl(AC + BC) - AR = 2uAC - AR ^ - AB sin i 

cosr 

— 2AF siiu — — 2d tan r sin^ 

cosr cosr 

2(xd 2u,d sinV -ptd,, .ox o 7 

= — jz -- (1 — sm^r) “ 2Lid cosr 

cos r cos r cos r 

s* 2dV — y? sin-r) - — sM). 



Fig. 12 — Curves of equal thick¬ 
ness observed by the e>e 



1 ig. 13 —Difference of path between the in- 
terfenng rays for curves of equal thickness 



Fig. 14.—Curves of equal thickness 
projected on a screen 


In the experiment the assumption that the two rays PA and PB 
(fig, 12) lie very close together is satisfied, for the reflected rays have 
to enter the small pupil of the observer’s eye. The question of the 
form which the relationships take when this assumption is abandoned 
IS important. 

For this purpose we imagine the eye replaced by a screen SS with a con- 
dc'nsing lens L in front of it (fig, 14). The two rays PA and PB starting from the 
point P of an extended source of light QQ (e.g. a spread-out bunsen flame coloured 
by common salt) behave in exactly the same way as the two corresponding rays 
in fig, 12. Then if a nmnber of rays coming from A are to meet the lens L and 
be reunited at the point N, other points of the source of light, such as P', must 
•contribute to the effect. The rays from P', whose path is shown dotted in fig. 14, 
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are incident on the plate at a different angle i'; bonce their difference of path 
IS Alt' ™ 2dV ((x^ — lor these two rays, therefore, the difference of path 

IS not the same as for the rays emanating from P. Hence if the rays from P 
^^e^e to be extinguished, the rays from P' might actually give rise to maximum 
intensity at N as a result of interference. 

Tt follows from the above that Avith pencils of large angular aper- 
iiue XeAvton’s rings lose their sharpness. 

4. Curves of Equal Inclination. 

The expression for the difference of path between two rays which 
are eaused to interfere by a plate, Aw ~~ 2d\/(ij? — sin^i), involves i, 
the angle of incidence, as 
well as d, the thicknevss of 
the plate; that is, i also af¬ 
fects the interference curves. 

Newton’s rings do actually 
move when one moves the 
eye while observing them, 
but this effect is of minor 
importance, as the effect of 
d greatly preponderates. 

If, however, we use a 
plate which is bounded by 
very accurate parallel planes, 
so that d is invariable, inter¬ 
ference curves can occur if 
the angle of incidence of the 
rays of light varies from point 
t:0 point. The curves of e^ual ^ ^ S —The production of curves of equal inchnauon 

inclination arising in this way 

Avere observed accidentally by Haidinger * in 1849, but he did not 
explain them or investigate them further; proper attention was first 
•drawn to them by Lummer in 1884. 

Unlike the curves of equal thickness, the curves of equal inclination 
are observed with the eye accommodated for infinity. Fig. 16 may 
serve to explain their mode of occurrence and to give a diagram¬ 
matic representation of apparatus by which they may be readily 
observed. PI is a section of a plate with accurately flat parallel sides. 
A condensing lens LL is set up at a distance of about 60 cm. from it; 
in its focal plane is the screen SS, which is parallel to the plane of the 
plate. A transparent piece of plate glass TT is set up at an angle of 
about 46° between the plate PI and the lens LL in such a way that 
an extended monochromatic source of light represented by the double 

* W. A"ON Haidingbb (1795-1871), director of the Oeologische ReichsamtaU in 
Vienna from 1849. 
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lino QQ is made to illuminate the plate PI. If the faces of the plate 
PI are absolutely flat and parallel, a system of interference curves 
of equal inclination is produced on the screen SS; in the |)rcsent case 
Ihese are circles whose c'ontre 0 lies on the perpendicular through M, 
the centre of the lens, to the plate and the screen. The rings of equal 
inclination may also be observed subjectively with the eye accom¬ 
modated to intinitv, for the latter has the same effect as the lens LL 
and the screen SS. 

All tho pencils of ra\s ^liieh leave the plate JM at right angles to it meet 
at the point O of tho screen 8S. To each ray reflected at right angles to tho 
front surface c*f tlie plate there con-esponds a ray coherent with if, which is 
reflected from the rear surface of the plate, tho ditierence of path between them 
being 2[jLr/. Thus at 0 there wdll be brightness or darkness according as this 
diflererice of path is an odd or even multiple of half a wave-length (there being 
a change of phase on reflection at the front surface). The corresponding pairs 
of rays reaching 0 all start from different points of the extended source of light. 
Tims, for example, the ray CiAjO comes from P,, the ray C^AoO from Pg. At 
jioints of the screen SS on either side of 0 the rays reflected obliquely by the 
plate ri are recombined in such a way that a parallel pencil inclined at a definite 
angle a is brought to a focus at every point of the screen, and in each of these 
pencils every ray reflected from tho front surface of the plate is associated with 
a ray from the rear surface coherent with it. the diflercnce of path being, as 
showui on p. 184 (fig. 13), A?e 2dv^([X“— sin'^/)* lu fig. 15 two such pairs of 
rays, starting from the points P/, of the source of light, are drawn for the 
point N. An interference pattern must accordingly bo produced on the screen, 
in which a dark or more or less bright spot at O will be surrounded alternately 
by bright and dark rings, the transition from bright to dark being gradual. 

As according to our assumption d is invariable, the difference of 
path Ate, and hence also the difference of phase of the components, 
depends only on the angle a. 

The occurrence of rmgs of equal inclination is entirely independent 
of the aperture of the lens forming the images, and the source of light 
must be an extended one (contrast rings of equal thicl'ness). 

Rings of equal inclination can also be observ^cd by looking through a plate 
wuth accurately flat and parallel surfaces at an extended monochromatic source 
of light, with the eye accommodated for infinity. The centre of the rings is then 
the foot of the perpendicular drawn from the eye to the plate. According to the 
phase difference of the two components leaving the plate at right angles, the 
centre appears dark or bright. If the plate is moved about between the eye 
and the source of light, the appearance of the centre will alter if tho thickness 
varies slightly, a change from dark to bright always corresponding to a difference 
in thickness equal to a quarter of a wave-length. If the plate has accurately 
flat and parallel surfaces, Lummer’s curves are complete circles. Conversely, 
if the circles are accurate, the accuracy of the plate may be inferred, as even 
slight variations in thickness manifest themselves by marked distortion of the 
circles. For this reason the curves of equal inclination furnish an extremely 
sensitive method for testing the flatness of plates. 
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5. Interference at Two Plates.* 

If a piece of plate glass bounded by parallel planes is cut across 
the middle and the two parts and Po (fig. 16), inclined at a very small 
angle to one another, ar<‘ s('1 in a tube 
whose iimcr surface is blackened and 
which has a hole 0 in one of its ends, o 
an o!)server B, looking at the bright 

sky tlirOllgh the tube, set's beside the Fig. i6.—Brewster’s mterfcTcncc bmd 

hoL 0 an image of the hole (A) 

vvhi('h is (‘I’ossed by dark and coloured intt'rferenee bands running 
parallel to the geometrical line of intersection of the planes of the 
two })lates ?! and 1*2- The greater the angle between the plates, 
the finer art' the bands. The experiment will not succeed unless 
the two ])lates are cut from the sanu' ph'ce of glass and hence are of 
(‘xactlv th(' same thickness. 



Ill ordcT to t^xplum the phenomenon we Iw'^in considering fig. 17, in which 
it is assumed tliat tlie two plates 1^ and Pg parallel to one another. At each 
snrlae(‘ the ray of light L is split up into a trans¬ 


mitted ray and a reflected ray. The transmitted 
ray is subject to refraction, but as this iilays no 
essential part in what follows, it has been ignored 
in drawing the figure. Of the components of the 
inM<lent ray which aiLse by repeated reflection, we 
considor only the four components 1, 2, 3, 4 shown 
in fig. 17, as these components can alone contribute 
to the formation of the lateral image in the e.x- 
periment of fig. 16. The ray M which goes straight 
through produces the direct image of the hole and 
we sh.ill therefore ignore it also. 

The ray 1 is reflected once at oaeli of the inner 
nrljacent surfaces of the plates and Pj. The ray 



Fig, 17—To illustrate the theory 
ot jntcrfi lence at two plates 


2 is reflected at the inner surface of P> and at the 


outer surface of P^. Tht‘ ray 3 is reflected at the outer surface of P^ and at the 
inner surface of l.\. Finally, the ray 4 is reflected at the outer surfaces of both 
plates. 

If the ray L falls on the plates obliquely, the two components 1 and 4 are 
far apart, although, to he sure, they will meet the other rays again on the retina 
of an eye accommeMlated for infinity. The two rays 2 and 3 coincide completely. 
If the two perfectly flat ])lates were set up exactly parallel to one another, the 
two components 2 and 3 would emerge without any difference of path. The 
two rays 1 and 4 ditler considerably from 2 and 3 as regards length of path. 

The same relationships are illustrated again in fig. 18, but wdtli the differcnco 
that L is re resented as a point source of light and its images by reflection are 
constructed. Reflection at the faces A and D of the plate P, gives rise to the 
images and Lp, and these give rise, by reflection at the faces B and CjF of 
the plate Pj, to the four images L^, Lg, Lj, and L 4 , from which the rays cor- 
responding to the four components mentioned above appear to start. Then if 
the plates PiPg are parallel to one another and of exactly the same thickness, 


* First observed in 1817 by D. Brkwster (1781-1861), a noted Scottish physici^.t 
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the images Lg and L 3 exactly coincide (although in the figure they are shown 
separately for the sake of clearness). 

The relationships arc altered, however, if the two plates are inclined at an 
angle to one another. Then, as is shown by fig. 19, the four images L^, Lg, L 3 , 
L 4 are again formed; the images Lg and L 3 , however, do not coincide, but are 
distinct, though lymg close together. As the rays producing these images are 
coherent (since they come from the same source L), the light rays starting from 
the images must give rise to interference bands in exactly the same way as the 
two images by reflection do in Fresnel’s mirror experiment. The rays 2 and 3 





Fig. 18.—Reflection at parallel plates 



Fig. 10 —Reflection at plates in¬ 
clined at an angle to one another 


which (apparently) come from Lg and are parallel. Hence if they enter an 
eye accommodated for infinity and are reunited at a pomt on the retina, the 
eye must see the interference bands directly. If we imagine that there are one 
or more other point sources of light beside L, their images will occupy similar 
positions to Lg and Lg, and these rays produce at the same point of the retina 
of the eye accommodated for infinity exactly the same interference phenomena 
as the images by reflection of the point L which we considered previously. For 
this reason the hole 0 in the tube shown in fig. 16 may be fairly large, but not 
so large that the interference image A, which is seen at infinity since the eye is 
focused for infinity, coincides with the hole, for then the interference pattern 
would be masked by the light from the bright opening. 

A variant of this experiment is shown diagrammatically in fig. 20. 
In this apparatus, which is due to Jamin* (1858), the two inter¬ 
fering rays 2 and 3 are separated from one another in space over a 
part of their path. If a transparent body of any kind is inserted in 
the path of one of the rays, and its refractive index differs from 
that of air, the wave-len^h of the light, and hence the position 

* J. C. Jamix (1818-86), a French physicist. 
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of the interference bands, is altered. By means of Jamin’s apparatii'N 
it is possible e.g. to demonstrate and measure the variation of the 
reij active index of air with the temperature or with the pressure 
very accurately. It is extensively used 
in practice, e.g. in fuel research for 
testing the composition of the products 
of combustion, and in the Zeppelin 
airship for testing the hydrogen content 
of the air in the body of the airship. 

The actual Jay-out of Jamtn’s 
refractometer is illustrated in fig. 21. 

Two glass tubes T, one containing aii* 
and the other the gas under investi¬ 
gation, are placed between the two 
thick glass plates P. The interference 
bands are observed through the eye¬ 
piece E. C is a compensator consisting 
of two thin glass plates which can 
be tilted so as to retard one of the 
light ra\ & relative to the other by any 
desiied amount. 

Both Brewster’s apparatus and Jamin’s apparatus are very weE 




Fig 20 —Diagram illustrating Jamin^s 
interferometer 


Fig. 21 i —^|afnin*8 refractometer <Adam Hiiger, Ltd.) 
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adapted for the objective demonstration of interference bands, as the 
source of light may be an extended one and hence may be made very 
intense. 

6. Michelson’s Interferometer. 

One of the most interesting types of apparatus for ])roducing 
interferen(*e is MrciiELSOx’s’’^ interferometer, one of the commonest 
forms of which is shown diagrammatically in fig. 22. A ray of light 
R falls at an angle of 45' on a plane semi-transparent silvTrcd ulass 
plate P and is there split njj into the transmitted ray 1 and the refl(M;ted 
ray 2. The ray 1 falls on the mirror Sp^ and the ray 2 on the mirror 
S[>o. ill both cases normally, hence each ray is reflected into its(‘lf 
(in tig. 22 the twm rays, going and returning, are drawn separately 
for the sake of elearjiess). On their return journey the two rays fall 



Fig. 22.—Michelson’s experi- Fig. 23 - -Rough diagram illustrating 

ment (diagrammatic) the Micbelson interferometer 


on the glass plate P again and each of them is again split up into two 
parts. Of these, however, we shall consider only the parts shown in 
the figure by continuous lines; the two other parts, which are indicated 
by dotted lines, return to the source of light. 

If the distances of the two mirrors Sp^ and Spg from the plate P 
(whose thickness we shall in the first instance neglect) are equal, the 
two rays 1 and 2 have travelled over the same length of path, that 
is, they emerge in the direction R without any difference of phase 
and reinforce one another. Reinforcement also occurs when the dis¬ 
tances of the miiTors from the glass plate differ by an even multiple 
of a quarter wave-length, i.e. when the lengths of path of the light 
rays differ by an even multiple of half a wave-length. On the other 
hand, the two rays oancel one another when the difference of the dis¬ 
tances of the two mirrors from the glass plate is an odd multiple of 
a quarter wave-length. To an eye E focused for infinity, on which 

* Albert Abraham Michelson, born at Strelno (Posen), was professor at Chicago, 
received the Nobel prize in 1907, died in 1931 (see also pp. 201, 209, 217). 
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the rays 1 and 2 fall, the field of view accordingly app(‘ars alternately 
bright and dark when one of the mirrors Sp^, Spg is moved, and in fact 
a bright region becomes dark vhen one of the minors is moved through 
a (piarter wave-length. It follows that this apparatus may be used 
jor the absolute measurement of wave-lengths jf the mirror Sp>, sav, 
IS made to move parallel to itself along the direction of the light ray 



Fjg 24 —MichcKon s inTtrferomttf^r (Adam Ililper, Ltd ) 

through a distance which cun be measured by a micrometer screw, 
and the number of alternations of light and darkness in the field of 
view is observed at the same time. 

The field of view of course does not appear uniformly bright or 
dark but (if the whole apparatus is accurately centred) exhibits con¬ 
centric circles; for the source of light S is an extended one, so that 
a number of parallel pencils of rays fall at different angles on the glass 
plate P. Circular curves of equal inclination are accordingly formed. 
This, however, is of minor importance as regards the carrying out of 
the measurements, as of course it is only necessary to observe an 
arbitrary point, e.g. the centre, of the field of view. 

The way in which the Michelson interferometer works may be readily grasped 
by imagining one arm of the apparatus rotated towards the other (S^ towards 
S/ in fig. 23). If the planes of the two mirrors are parallel, the interference pheno- 
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mona described above may immediately be deduced from those produced by a 
plate bounded by parallel planes. 

An actual instrument is shown in fig. 24. The mirror M is 
mounted on a travelling carriage actuated by the handle H, while 
M' is a fixed mirror, which, however, may be adjusted by means of 
the screws S and S'; E is the plate at which the rays are split up, 
and T a compensating plate (see below). 

In spite of the very great experimental difficulties Michelson 
succeeded, first in collaboration with Mobley and then with Benoit 
at Breteiiil, in evaluating the length of the standard metre (Vol. I, 
p. 7) in wave-lengths of light. 



A more detailed diagram of the experiment is given in fig. 23. As the 
source of light Michelson used electric sparks between cadmium points. The 
cadmium hght was then decomposed by the spectroscope and the red cad¬ 
mium line was selected by means of the slit S. The light from this was rendei^cd 
parallel by the collimating lens K and fell on the flat glass plate Pj. Here 
the pencil of parallel rays w^as split up as described above and reflected by the 
two min’ors Spi and Spg in such a way that the components emerging in the 
direction R entered a telescope R focused for infinity. The interference pattern 
was then produced in the plane of the stop B1 in the telescope. 

The purpose of the flat plate Pg is to compensate for the passage of the 
rays through the plate Pj. The difference of optical path between the two rays 
which interfere is accordingly equal to the difference betw^een the lengths of 
the two paths in air, i.e. Aw = 2(a -(6 4- c)). 

The experiment essentially consists in counting the number of 
alternations of light and darkness which occur when one mirror is moved 
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through a definite distance. The details of the apparatus are fairly 
complicated, and in order to (‘valuate the metre in terms of the wave« 
length of cadmium light intermediate steps must be inserted, as it 
is not possible to make waves with a difiercncc of path of a metre 
interfere with one another. The results of the experiments give 

1 metre 1,553,1G4T 

],966,249*7 A« 

= 2,083,372*1 Ab, 

where A^, Aq, Ab are the wave-lengths of the red, green, and blue 
cadmium lines respectively, these values being for dry air at 760 mm. 
pressure and at 15° C. on the hydrogen scale. These measurements 
are probably the most accurate which have ever been carried out, 
as their accuracy reaches to the eighth significant figure. 

There is another poBsible method of producing interference bands. If the 
plane of ono mirror makes an angle with that of the other when the arms are 
imagined to be superposed as described above, the interference pattern of a 
wedge-shaped plate is formed. Thus, e.g. if one plate is rotated slightly relative 
to the other about a vertical axis (fig. 26), we obtain a family of straight inter¬ 
ference bands running from top to bottom; the greater the inclination of the 
plates to one another, the smaller the distance between the 
bands. If, for example, the distances of the centres of the 
mirrors from the separating plate are ccj[ual, the difference 
of path is zero, and using vlute light mc see the central 
interf(‘rcncc band with the coloured bands grouped almost 
s\nim(‘trierilJv about it. Then if one arm is lengthened or 
shorteiK'd slightly in any Avay, the central position relative 
to th(‘ arms is no longer at the centre of the mirror but to 
the left or right of it, as we may see from fig. 26, in \\hich 
tlu' new })osition is shown by dots. That is, the central 
baiid now' apyiears at a different part of the mirror. If, 26—-The mtti 

tluTchuT, the inclination of the planes of the min-ors to tcrometcr with the mn- 
one <\nother is such that about three bands are to be seen on rors rotated through .m 
eit her side ot the ctmtral band (that is, after careful rotation 
ot one arm in the direction c>f the other the left-hand 
end of one niirror is six wave-lengths nearer than the right-hand end), the dis¬ 
placement of the central band through a distance equal to the breadth of a band 
means that the length of one arm has been altered by one wave-length. As 
it is not ditiicult to produce bands about 5 mm. across, this means that a change 
of length is multiplied by 10^ By observation through a telescope, and more 
particularly by photographic recording, it is possible to detect shifts ot the 
bands amounting to only a thousandth of their breadth, i.e. a change in length 
of 10”^ cm. (and this under certain circumstances for a length of many metres, 
corresponding to a relative cliango in length of 10"^^). For an application of 
this method see Yol. V (Michelson’s interference experiment). 

7. Interferometry* 

In order to test the homogeneity of single spectral lines accurately, 
we make the light from them give rise to interference with a very 

(Kt) 18 ) 14 
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large difference of path (p. 183). This method reveals "‘fine structure” 
in lines which no ordinary spectroscope is capable of resolving into 
components. The method is known as interferometry; it goes back 
to Fizeau (1862) (p. 183), but was first developed for general use by 
A. A. Michelson (1892). 

In all the experiments hitherto described in uhich interference was brought 
about by inserting a plate in the path of the rays, wo have assumed that it is 
only the rays reflected once at the front surfaco and once at tho rear surface 
of the plate that give rise to interference, when tho interference bands are 
observed by reflected light (of. figs. 13-15, pp. 184, 185). In the case of the 
interferonco of the transmitted light, we only consider the ray which goes straight 
through and tho ray which is transmitted after being reflected once at the rear 
surfaco and once at the front surface of tho plate. On the other hand, we have 
ignored tho components which are split off by repeated reflection at the surf at <\s 
of the plates. In actual fact these simplifications have hitherto been justifiable, 

as tho intensity of the latter com¬ 
ponents was vanishingly small 
compared with that of tho two 
first components. 

The relationships, however, 
are essentially different w^hen tho 
arrangements are such that the 
subsequent components have an 
intensity which is still finite w’hen 
compared with the intensity of 
the tA\o first components. 

The Fahry-P^rot Interfero¬ 
meter (1897).—Two slightly 
w^^dge - shaped glass plates 
(the angle of the wedge being 
about half a degree) are 
lightly silvered on one side, in such a way that part of the light is 
transmitted by the layer of silver, but the reflected portion contains 
a large percentage of the total energy of the light. The two glass plates 
are placed with their silvered faces next one another in such a way 
that a layer of air bounded by accurately parallel planes is formed 
between the layers of silver. The apparatus is shown diagrammati- 
cally in fig. 27; Pj, P 2 denote the two glass plates with the adjacent 
silvered faces- Xx, Yy, which enclose between them a layer of air of 
thickness d. 

If a pencil of coherent parallel rays Lj, Lg, L 3 , . . . falls on the system of 
plates, the angle of incidence being a, part of each ray is reflected at the layer 
of silver Xx and so far as we are concerned here is lost and hence of no account. 
We consider only that portion of the light which enters the layer of air. (Tho 
refraction of the ray of light in the glass is not shown, as it is of no importance 
for us.) The portion of the ray Lj entering the air at 0 is partly reflected at A 
by the second layer of silver and partly transmitted through the plate Pg without 
change of direction. The reflected ray meets the first silver layer Xx at B and is 
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then re rclii'cled to C on the second silver layer Yy. It is thus repeatedlj^ reflected 
a long the p<i t ]i ^) A BCDEFG.... At each point of reflection, part of the light travels 
outwards. Jji the figure only those portions are shown which pass outwards through 
the second plat(‘, as the others do not interest us. We see that each successive 
portion of the ray travels over a path in the layer of air which exceeds the 
length of the path of the preceding one by the amount Aw = OA + AB — BR 
(Avdiere BK is to he imagined as measured in air). This expression may be trans¬ 
formed into 

A//; ^ 2t/eoscy. 

jf nifotead of the la^yor of air ue had a plate of a substance with refractive 
nid( \ the difioreiue of p.itli would be gnen by the expression 

Ale 2 d V^([jL“ — sin^a) 

wliieb we (.abulatcd pnAiously (p, Ib4). 

What we have deduced for the jiortions of the ray Lj holds in exactly the 
same way tor the portions of the other parallel rays Lj, L^, . . . As all the rays 
<ire coherent, so are the portions of them, so that the emerging rays are capable 
f>f int(‘rfeiiiig v\itli one another, if we now imagine a 
(onvergent hms jfiaced in the path of the rays, and 
a screen behind it parallel to the layer of air and at 
a distance equal to its focal length, all the parallel com¬ 
ponents will be made to converge by the lens and the 
mt(Tferen('(‘ diagram of all the rays will thus be colk^ctCKl 
at a point, d’lns point Q lies in a line making an angle a 
v\ ith the axis of the lens (fig. 28). 

The brightness of the point Q depends on the relation¬ 
ship betw^eeu the wav(‘-length X and the difference of 
path Aw. To begin with wc' assume that the light used 
IS jicrfectly monochromatie. It is then clear that at all 
points Qi for which Aw is an integral multiple of a wavc- 
ifmgib. or, what is the same thing, an cacu multiple of half a wave-length, all 
the compionents will arrive at Q in the same phase. At these points, therefore, 
there will be maxima of miensity; their positions are determined by the equation 

2d cos oc = 2 & • 

Further, there are minima of intensity at those points where the difler- 
eiK e of path An' is equal to an odd multiple of half a wave-length, as at these 
points the component (say of the ray Lj (fig. 27)) produced by a single reflection 
at the tA\o silver surfaces arrives in a phase exactly opposite to that of the com¬ 
ponent of the next ray (Lo) wdiieli travels straight through. As, how^ever, the 
intensities of the two compononts are not exactly equal, the illumination is 
mf‘r(‘ 1 y weakened and not destroyed. The components of Lj split off b}" double, 
triple, and multijile reflection meet the direct component of L 3 in the same phase 
and that of L 4 in the opposite phase, and so on. In any case a great deal of the 
litdit is cut out and the points exhibit minima of intensity, i.c. darkness. The 
]jositiona of the intensity minima are determined by the equation 

2d cos a = {2k -{- 1 ) 

At the points lying betw^een the points of maximum brightness and the 
points of maximum darkness the various components again partially extinguish 
one another. For if the difference of path between the directly transmitted 



Fig. 28.—Recombination 
of tlie interfering rays 
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component and the component split off by a dmibk passage to and fro between 
the layers of silver is equal to an odd multiple of half a wave-length, these two- 
portions have opposite phases, i,e. partially destroy one another. The same 
occurs for points such that the difference of path between the directly trans¬ 
mitted component and the component split off by a trijile passage between the 
two layers of silver, is equal to an odd multiple of half a wave-length, i.e. in 
general When the difference of path after repecUed passage between the two layers 
of silver is equal to an odd multiple of half a wave-length. 


It follows that it is only at points for which a is given by the 
equation 


2d cosa ~ 2h . 


A 

2 


or 


cosa 



that all the components reinforce one another. These must stand 
out against the background as particularly bright points. If the source 
of light from which the rays start is a point source, sharply defined 
concentric circles are formed on a dark background about a bright 
central point. 

If we now use a source of light which emits light of two wave- 
lengths differing only slightly from one another, each gives rise to 
its own system of circles, just as we found to happen in the case of 
Newton’s rings when they are produced by the two components of 
sodium light (p. 183). Here, however, the following distinction is 
to be noted. Newton’s rings are produced by the interference of two 
pencils of rays, whereas the circles occurring with the present apparatus 
are due to the interference of a large number of coherent pencils or 
rays (possibly exceeding twenty). As is shown in detail in the fol¬ 
lowing section, this has the result that in the first case the maxima 
are approximately as broad as the minima (fig. 41, p. 203), whereas 
in the second case, although the maxima occupy the same positions 
as they do when two pencils interfere, they are much brighter, and 
much narrower than the minima lying between them (fig. 42, p. 204). 
In the first case, therefore, the circles become blurred when a circle 
of one system falls in the space between two circles of the other system, 
while in the present case the two systems ..of circles, owing to their 
sharpness and their rapid fall in intensity, remain entirely separate 
when a circle of one system falls between two of the other system. 
If the wave-lengths are A^ and Ag and the corresponding angles of inci¬ 
dence tti and ag, the difference og — which is a measure of the dis¬ 
tance between the maxima, must increase with h, the order of the 
difference of path. Hence the maxima for the two kinds of light move 
farther apart, and Hence are easier to observe separately tHe greater 
the order h is. 



Plate XV 


d Cu Fe r 

Cl). VI 1 , Fip. 20. — Pris¬ 
matic spectrum of X-rays 
obtained with the apparatus of 
fiu. iQtp. 165). Fe Ka 1-933 
A.; C'u Kft I -538 A.; & 1 — 

M 12-38 10 8-125 10 " 

respectively (r reflected ray, 
d direct ray). (From Uand- 
huch der Fxperinuntafphysik, \’ol. 24, I»art II (Akademische VerlajtsKesellschaft, Leipzig).) 



C’h. VIII, Fip:- 29.- Fal)ry- 
I’erot interferometer (etalon) 
(Adam Ililger, Ltd.). 




Ch . VIII, Fig. 30«.— Fine structure of 
the blue helium line A 4713 A., obtained 
with E^abry-Perot interferometer (the dis¬ 
tance between the plates being 17-1 mm,). 
The three components of this line are 
related as shown by the three strokes. 
Time of exposure, 2 hours 40 minutes. 
Distance between the components, 0 017 
and 0-36 Angstrom units respectively. 
(Photograph by Hansen.) 


5 ' 



30 ' 


Ch. VIII, Fig. 20b. —E'ine structure of the green 
mercury line 5461 A. Numerical values are in 
Angstrom units. Lines without a number attached 
belong to neighbouring orders. Note that on the 
same scale the distance between the two D lines of 
sodium would come to 47 cm. (Photograph by 
Lau; from Zeitschrift fur Physik, Vol, 63 (Springer, 
Berlin).) 
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Fig. 29 (Plate XV) shows a practical form of the apparatus. The 
distance between the glass plates is determined by invar rings. 
Fig. 3()a (Plate XV) gives the photograph of a helium line; parts of 
the ring systems of the various orders are clearly seen. This line 
turns out to be a triplet, i.e. a group of three lines. To obtain the 
sharpness necessary for such investigations, the discharge tube con¬ 
taining helium had to be cooled by liquid hydrogen. By coupling 
two such pieces of apparatus in series a still greater resolving power 
has b.'en attained (multiple interferometer). Fig. 30fe (Plate XV) 
gives an idea of the resolving power which it is possible to reach (note 
the scale). 

The Lummer-Gehreke Plate. —In collaboration with Gehrcke,* 
Ldmmer (1902) brought forward an interferometer in which the 
multiple reflection of a pencil of rays in the interior of a glass plate 
l)oimded by parallel planes is used to produce interference with a 
large difference of path. The essential feature of this apparatus is a 
l^erfectly flat glass plate P with parallel sides, to one end of wliich a 
small right-angled jnism Pr is 
('('inentod with Canada balsam 
(fig. 33). 

If a pencil of rays L passes 
through the prism Pr into the 
glass plate P as shown in the 
iigure, it meets the plane boundary surfaces at an angle -which is 
nearly equal to the critical angle of total reflection; hence j)arallel rays 
emerge from the glass plate, almost grazing the surface, at the points 
Aj, Ag, Ag, . . . , and Bj, Bg, Bg, . . . on either side. Just as before 
<p. 184), the difference of path is given by Aw-- 2(/\/(/x‘^ —sin-a), 
where d is the thiclmess of the plate, /x its refractive index, and a 
the angle of incidence measured in air. All the pencils S emerging 
from one side surface are then reunited by the convergent lens K and 
made to interfere. K is the objective of a telescope. 

The theory of the Lummer plate agrees almost entirely with that 
of the Fabry-P6rot apparatus; the device of making the repeated 
refle(?tions inside the glass plate take place almost at the critical angle 
of total reflection has the effect that there is only a very trifling loss 
of intensity at each reflection, so that the number of reflections may 
be made extremely large. Thus a very large number of parallel rays 
arc made to interfere, and hence the distribution of intensity in the 
interference pattern exhibits unusually sharp maxima, consisting of 
4^xtremely fine sharp lines on an almost completely dark background. 

* E. Gehrcke, professor at the Phy$ikaluck^Technlsche ReichsaTiMaU, Berlin. 



Fig. 31.—Lummer-Cjehnke pljte 
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8. Interference of Parallel Rays arising from Diffraction 
of Parallel Rays. 

Fraunhofer Diffraction Phenomena. —The phenomena investigated 
in Chap. I, §6 (p. 11) and § 1 of the present chapter (p. 174), 
in which diffracted rays of light act on a point at a finite distance, 
are referred to as Fresnel diffraction phenomena. The relationships 
become simpler if we investigate the interference arising from light 
rays which are still parallel after diffraction. We then have the so- 
called Fraunhofer diffraction phenomena. In order that these rays 
may be made to interfere at a finite distance, they must be made to 
converge at a point by means of a convex lens or concave mirror. 
According to Chap. V, § 5 (p. 102), no change of phase is produced 
by the interposition of lenses or mirrors in the path of the rays; hence 
we can discuss the phenomena in exactly the same way as if the 
parallel rays interfered directly. 

The apparatus which may be used to produce the phenomena 
discussed below is shown diagrammatically in fig. 32; L is a point 
source of light, which in conjunction with the collimating lens B 
gives rise to the pencil of parallel rays S. Instead of the point source 
L, wc may very well use a slit brightly illuminated from behind. If 
this is sufficiently far away the rays from it may be regarded as parallel 
even in the absence of a collimating lens. In the path of the rays we 
also place the condensing lens K, which (if the light rays are not other¬ 
wise modified in any way) will produce a real image 0 of the source 
L on the screen Sc m the focal plane of the lens. If, however, a body 
giving rise to diffraction (denoted by GG in the figure) is inserted any¬ 
where into the path of the rays, each of its points will send out rays 
in all directions. Each pencil of parallel rays is now brought together 
again by the lens L at a point A on the screen determined by a, the 
inclination of the rays. The two lenses B and K may be replaced by 
a single one, thus simplifying the apparatus. In our discussion, how¬ 
ever, we shall ignore this possibility and shall assume that the diffracting 
body GG is illuminated by parallel light. The condensing lens K may be 
replaced by the objective of a telescope. The focal plane common to the 
objective and the eyepiece of the telescope then corresponds to the screen. 

In future we shall specially consider the path of the rays from 
the diffracting body GG to the lens, or, what is the same thing, we 
assume that the parallel rays starting from the diffracting body meet 
and interfere at infinity. 

Diffraction at a Single Slit. —^Let the diffracting body denoted by 
GG in fig. 32 be a single narrow slit. At the centre 0 of the screen we 
then observe a bright image of the source L, which is accompanied 
on either side by a large number of parallel bright and dark bands 
of diminishing intensity (cf. fig. 38, Plate XVI). 
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If, following Huygens’ principle, we regard each separate point of the opening 
of the slit as the starting-point of a new system of waves, wo in the first place 
obtain a maximum of intensity where the perpendicular to the sht at its centre 
meets the screen; for here all the incident rays are in the same phase. 

To explain the two first minima which lie on either side of the central maxi¬ 
mum, we imagine that the series of points XY which form the slit (cf. fig. 33. 



Fig 32 rdunhofer interference ot parallel light 


which represents a section i)crpcndicular to the length of the slit) is divided 
into two parts at the centre M. We shall now assume that the number of separate 
con lies of excitation m the slit opening is 100; tins number is quite arbitrary/, 
as w'c might equally well take it as 1000 or 100,000 (fig. 33 is drawn for 24). A dark 
band is then foimed on the screen behmd the slit at the place where the waves 
from the first centre (X) and the fifty-first centre (M) cancel one another; for 
when the diflcrcnoe of the distances of these points from the point on the screen 



Tig. 33 — Decomposition of 
the pencil passing through the 
sht for the hrst minimum 


Fig 34 —Decomposition of 
the pencil passing through the 
slit for the hrst maximum 


undei consideration amountfc> to half a wave-length, the different c bet%^een the 
distances of the point from the second and fifty-second centres, the third and 
fift\ -third centres, &c,, the fiftieth and hundredth centres is also half a wave¬ 
length; in other words, the first minimum of intensity or first dark band occurs 
whore the outermost rays of the pencil of parallel rays under consideration have 
a difference of path of one wave-length. 

To explain the first maxima^ i.e. the lateral bright bands following on the 
dark bands, we imagine the series of points forming the slit divided into three 
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equal parts (fig. 34). The position of the first minimum is such that there is a 
phase difference of half a wave-length between the rays starting from each point 
of the first third of the series of points and the rays from the corresponding 
points of the second portion, so that these rays completely destroy one another; 
on the other hand, all the light coming from the final third of the slit remains 
unextinguishtd. The difference of path between the outermost rays of the dif¬ 
fracted pencil of parallel light is then 3X/2. 

For the next minmum we must divide up the breadth of the slit into four 
(‘qual parts; the rays from these will completely cancel one another in pairs. 
The difference of path between the outermost rays of the diffracted pencil of 
parallel light is then 2X. 

In fig. 35 XY is the diffi-acting slit. Let the pencil of rays mdicat(‘d by nine 
parallel lines, the central being JVIA, make the angle a with the axis MO. Wo 
now draw XZ from X perpendicular to the pencil of rays; lot it cut off the seg¬ 
ment YZ “= wX/2 from the boimdary ray passing through Y. 

If we now put XY = d, it follows immediately from fig. 35 that 

X 

^2 

sma — 3 - . 

a 

According to the above discussion, the pencil of rays gives rise to 
maxima and minima of intensity at all points of the screen for 

which n is a whole number (except 

M- 1). 

Minima of hUmsity occur fo^* eveu 
values of n, maxima of intensity for odd 
values ofn. 

The maxima, however, decrease in 
intensity as n increases, for cojly the 
/?ih part of the pencil of rays is effective 
in producing them. Hence the maxima 
and minima gradually blend with one 
another. In fig. 36 the intensities are 
plotted as ordinates and used to con¬ 
struct an intensity curve (cf. fig. 35, 
p. 145). 

Diffraction by a Double Slit. — If 

the diffracting body (fig. 37) consists 
of a screen with two parallel slits of 
breadth d, X^Yi and XgYg, whose 
corresponding edges X^, X 2 and Y^, Yg are a distance h apart, each 
slit gives rise separately to a diffraction pattern identical with that 
described before. 

In addition to this, however, the two parallel pencils and Sg 
interfere with one another. 

From Xi and we draw the perpendiculars to the direction of the rays and 
assume that the perpendicular from Xj on the ray from X 2 ciits off the segment 



Fig. 35- — The outer rays of the pencil 
passing through the slit have a difference 
of path of nA/2. 
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XoZj ™ The angle p at 'w^hich the pencil of rays is inclined to the axis 

MO is determined by the equation 

”2 

stop.- — 

•derived from the triangle XjXoZj. 

If i is an oM number, the corresponding rays have exactly opposite 
pliases at and hence if a convergent lens (K in fig. 32, p. 199) 



87 (.543 2 0 2 346678 

i'ig. 36.—Maxima and minima of Fraunhofer diffraction bands due to a slit 

is interposed, they cancel one another comj)let(‘ly. But all the other 
j'ays of the pencil are in exactly the opposite phase to the corre- 
spondmg rays of the pencil 82 ^ 
hence all the rays of the two 
pencils cancel in pairs, giving 
rise to a mimmum of intensity. 

If, on the other hand, k is 
even, all the rays of the pencil 
Si are in the same phase as 
the corresponding rays of the 
pencil S 2 when brought 
together* again by a convergent 
lens give rise to a maximum, 

-of intensity. The amplitude of 
vibration is doubled and the 
intensity quadrupled. 

The interference pattern 
-due to the joint effect of the 
two slits is of course superposed 
on the interference pattern due 
to each slit by itself; hence we 
find that the diffraction pattern 
discussed previously is crossed by a number of bright and dark bands 
which arc due to the joint effect of the two slits (fig. 38, Plate XVI). 

Michelson’s Method for Determining the Angular Separation of Double 
Stars and Stellar Diameters .—The centre of the interference pattern of the double 
slit corresponds to the image of the source on the screen as calculated by geometrical 
optics. If beside L we set up another point source in a direction at right angles 
to the line of the slit, it will give rise to an exactly similar system of interference 
bands, superposed on the system due to the first source. If the displacement 
of the second system relative to the first is exactly such that the maximum 
of intensity in the first system falls on the minimum of intensity in the second 
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Distance hetween Shis 


Fixed 

^irrors 




system, and the two sources are of the same brightness, the surface of the screen 
appears uniformly bright, as the interference phenomena disappear. Here, pro¬ 
vided that the angles are very small, i.e. the sine may bo replaced by the arc, 
we have 5 ~ X/2^^, where S denotes the angular separation of the two sources ot 
light. 

In tliis way it is possible to determine the direction of the line joining the 
two components of a double star and their angular separation, provided they 
do not differ too greatly in brightness. Two slits which can be moved relative 
to one another are mounted over the objective of a telescope, and the line joining 
the shts is rotated about the axis of the telescope and the distance between the 
slits is altered until the interference bands vanish. By increasing the distance' 
h (up to 17 metres) the resolving powder may be increased still further; we thus 
obtain the apparatus shown in tig. 39. An extended source of light (e.g, a small 
circular disc) will similarly cause the interferenco bands to disappear when tin* 
distance between the slits reaches a certain value, owing to the superjiositioii 
of the interference systems arising from the various 
points of its surface; the angular diameter of the 
disc may again be determined (although wo shall 
not go into further details here! from the distance 

between the 
slits for which 
the interfer¬ 
ence bands 
vanish. In 
this way An¬ 
derson first 
was able to 
resolve some 
double stars 
in 1919 and 
Michelson 
and Pease 
were able to 

determine the diameter of some fixed stars 
(Vol. V). Attempts have recently been made to 
apply this method also to determine the mamiitude 
of very small particles under the microscope. 

Diffraction by Four Slits.—Of tlie four 
pencils of parallel rays S^, S 2 , S 3 , S 4 

diffracted by the slits I, II, III, IV (fig. 40), and Sg give rise 
to interference bands identical with those explained above. An 
exactly similar system of interference bands is produced by the two 
pencils S 3 and S 4 . The effects of these two pairs of pencils are 
accordingly additive. Maxima of intensity occur where the difference 
of path of the corresponding rays of the two pencils S^, Sg and S 3 , S 4 is 
an even multiple of half a wave-length; that is, for the maxima of 

intensity the quantity k in the expression sina= h^jh must be an 

2t 


Telescope 

Fig. 39.—Michelson’s method of 
determming stellar diameters 



even number. Where h is an odd number the light will be completely 
extinguished. 
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Tabulating the values of sin a, we obtain 


Maximum brightness for sin a 0, 2 



Darkness for sin a ™ 



Jn addition to this, however, the pencil Sj interfcTCS with S 3 and tlie pencil 
S 2 with S 4 . By fig. 40 these pemsils Lave a difference of patli of 2k . as the 
p(Tpendicular from .Tj on the coiTesponding ray of the pencil S3 cuts off the 
segment 2k . I’hc interference of these pairs of parallel pencils accordingly 


giv'cs rise to maxima of intensity at those points where 2k. ^ is an even mul- 

tipl<‘ of half a wave-length. That is, for maximum brightness 2k must be an 
('ven number; hence for the maxima k must have the values 0, 2/2, 4/2, 6/2, ... . 
< )n the other hand, t ho pairs of rays Sj and S 3 , Sg and S 4 cancel one another where 
2 ^ is an odd nuiulier; hence for the dark regions k must have the values 1 / 2 , 
3/2, 0 / 2 , 7/2, . . . Hence we have 


Maximum brightness for sina = 0, 2.4» 4 . 0 . 8 . . ; 

46 46 46 46 

Darkness for sin a — 1 . ^, 3 . 5 . 7 . , . 

46 46 46 46 


In fig. 41 the i>usitions of the maxima are indicated by small circles and 
those of the dark regions by black spots. The points marked on the straight 
lino 2 indicate the distribution subject to the assumption that there are only 
two slits or that if there are more slits they do not interfere with one another 



Fig, 41.—Intensities of the maxima and minima in diffraction by four slits 

except for adjacent pairs. The points marked on the straight line 4 mark the 
positions of the bright and dark I'egions with the assumption that when there 
are a number of slits one pencil always interferes with the next but one, i.e. 
the pencils act like S 3 or Sj, S 4 in the above discussion. 

Now it is clear that where two neighbouring pencils of rays extinguish one 
another there will be darkness under aU circumstances, and that this fact cannot 
be affected at all by combining the pencils of rays in any other manner. Hence 
to determine the total effect of the four slits we have the following facts: I here 
must be darkness in all circumstances wherever neighbouring slits produce dark 
interference bands, even when a pencil of rays would give maximum brightness 
if it were combined with the next but one. (For the two maxima resulting from 
this combination are of opposite phase, i.e, cancel one another when super¬ 
posed.) On the other hand, a maximum produced by adjacent slits must be 
reinforced if the slits taken alternately or in some other definite way give rise 
to a maximum at the same place. 

Above the straight line 2 in fig. 41 there is drawn a curve which represents 
the distribution of light in the interference phenomenon arising from two slits 
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<>r from pairs of neighbouring slits. The curve of course meets the straight line 
2, which serves as axis of abscissae, at the dark points and attains its greatest 
height above the circles. 

Above the straight line 4 wo then draw the intensity curve on the assumption 
that the slits also act alternately, i.e. that one slit is always combined with the 
next but one. This curve meets the axis of abscissae (4) both at the points w here 
there is a black spot on the line 2 and w^here there is a black spot on the line 4. 
At the points where there is a circle on both curves the curve rises to a height 
above the line 4 which is twice that of the first curve above the line 2. The latter 
curve shows that the intensified maximum rises steeply above the remaining 
points of the line 4. 

In th(‘ figure the decrease in intensity of the maxima to either side havS not 
bc(‘n taken into account. In actual fact the simple intensity curve is not a sine 
curve but is as shown in fig. 36 (p. 201); henee in fig. 41, and similarly in fig. 42 
below% the lateral principal maxima should have been drawn considerably lower 
than the central one. The effects of the diffraction bands arising from each slit 
by itself have not been shown either, as otherwise the figure w'ould become too 
complicated. 

Diffraction by a Large Number of Slits. — If we imagine the 
number of slits increased first to 8, then to 16, and finally more and 



Fig. 42.—Variation of the maxima of intensity with the number of slits 


more, the total effect may be obtained by a repetition of the process 
for four slits. We shall content ourselves by considering the final 
results, extending the drawing of fig. 41 for 8 slits and 16 slits. We 
thus obtain fig. 42, from which we see that multiplication of the 
slits causes the maxima to rise higher and higher above the axis of 
abscissae and the points lying between them to lie closer and closer 
to the axis of abscissae. The more the slits are multiplied, the more 
markedly does this occur, so that if the number of slits is very large 
we obtain sharply bounded, very narrow, and very bright interference 
lines on a dark background. The positions of these lines coincide with 
the positions of the maxima for two adjacent slits. 

If two neighbouring slits are a distance b ajpart {measured from the 
centre of one slit to the centre of the next), hright interference lines are 
produced at places where 

sina — w ^ ~ 0, 1, 2, . . . . 

o 

The central interference line, for which sina = 0, lies at the position 
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0, where the convergent lens denoted by K in fig. 32, p. 199, would 
form an image of the source of light L, if the diffracting body (iG were 
not present. The lines on either side are called diffraction bands of the 
first, second, third, . . . , order. 

9. Diffraction Gratings. 

A large number of slits very close together at regular intervals in 
an opaque screen forms w^hat is called a diffraction grating, and the 
distance between the centres of successive slits, i.e. the quantity b in 
our above discussion, is called the grating constant. 

A diffraction grating is produced by ruling a number of fine parallel 
on a piece of plate glass or a flat reflecting metal plate by means of the diamond 
of a dividing machine. The light transmitted by the glass plate or reflected by 
the metal plate is then diffracted at these furrows. The ridges lying between 
the ruled portions of the glass plate let through the light like narrow slits; at 
the ridges of the metal plate there is regular reflection of light, as if the light 
from a source behind the mirror passed through by narrow slits. 

\\ith a good ruling engine it is possible to produce very accurate diffraction 
gratings. Excellent gratings were made on speculum metal* by Rowland in 
llaltimoro (1882), with up to 20,000 lines to the inch, so tliat the distance between 
two successive lines, the grating constant 6, is 0’00127 mm. When such a finely 
ruled grating is used, the angular separation of the interference bands is very 
great, for as h is very small sin a - X/6 attains a high \alue for a definite wave¬ 
length X. 

If light from n slit, made parallel by a leus as in fig. 32, p. 190, 
is allowed to pass througli a grating on glass or to be reflected from 
a reflection grating (the lines of the grating being parallel to the slit) 
and the rays from the grating are then made to converge on a screen 
by means of another lens, we obtain an image of the slit surrounded 
by the diffraction phenomena described in the previous section. From 
the equation 

n\ 

sin a - 7 - 

b 

it follows that for small deviations the distances of the bright diffraction 
bands from the centre are approximately proportional to the wave¬ 
length. 

In fig. 43 the position of the first five diffraction bands is shown for blue 
light of wave-length Xj, =- 400 mu, (on the left-hand side) and red Light of wave¬ 
length X,, = 700 'm\x (on the right-hand side), b, the constant of the grating used, 
being 0*005 mm. The positions of the di^action bands arc shown separat(‘ly 

* Very good gratings ruled on glass were produced by Nobebt (Barth, Pomerania) 
reaching up to 400 lines to the millimetre. Rowland constructed three ruling engines; 
the first automatically ruled up to 1700 lines per millimetre, the second, which had 
fewer defects, ruled 20,000 lines to the inch, the third, 16,000 or a definite fraction of 
this number to the inch. More recently this number has been greatly exceeded, both 
on glass and on speculum metal, in gratings ruled by Lyle at Melbourne. 



206 


INTERFERENCE OF LIGHT WA\T:S 


below the screen S. Generally speaking, the diffraction maxima are feebler the 
greater the order. Thtis better separation is obtained at the cost of loss of intensity. 
By giving the rulings a special shape it is possible under certain circumstances 
to get a high percentage of the intensity of the diffracted light concentrated in 
one of the high orders, usually on one side only (Wood’s “ eclielette ” gratincr). 

Wlien white light is used, every wave-length must give rise to a 
series of bands, the separate members of which lie between the blue 

and red bands marked by 
the same niimf^ral. It follows 
that the oom])lete diffrac¬ 
tion band of the first order 
consists of a succession of 
all the colours from blue to 
red, i.e. a (*omplete spectrum. 
This is indicated by the 
])aralle]ogram in the bottom 
3 2 I 1 2 j 4^3 row of fig. 43. In actual fact. 

- -J-El-Li-O-IT-U--the spectrum has the form 

of a rectangle, but is shown 
^32/ 12 3 4- 5 parallelogram in 

order that the relati\'e 
positions of the various 

Fig. 43 —Fraunhofer grating spectra ol \anous orders OrdcrS of dillraction spCCtl'a 

may remain clear. 

The first spectrum (1) on either side is completely separated from 
the central maximum (of zero order) and also from the remaining 
spectra. The red end of the second-order spectrum (2) partly overlaps 
the blue end of the third-order spectrum. The red raid of the tliird- 
order spectrum actually overlaps the spectrmn of the fiftli order. 
In the spectrum of the fourth order, therefore, there are no pure spectral 
colours at all, as it is overlapped partly by the third-order spectrum 
and partly by the fifth-order spectrum. With the spectra of higher 
order this overlapping occurs to a more pronounced degree: hence 
at a considerable distance from the centre the screen appears white, 
as it is illuminated by light of every wave-length. 

We immediately recognize from the figui‘e that the spectrum is 
longer the higher its order. Hence the various colours of the spectrum 
are separated the more (the resolving power is greater, that is, the 
distance between two lines with definite wave-lengths is greater) the 
higher the order of the spectrum. 

If we confine ourselves to the first-order spectrum, we may equate 
sine and tangent; that is, the wave-lengths of the colours produced 
on the plane screen S are proportional to their distances from the 
diffraction band of zero order. If we know the wave-length of any 
colour and attach a proportionate scale to the screen so that its zero 
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lies at 0, we can immediately read off all the other wave-lengths from 
it. A spectrum of this kind is called a normal spectrum. 

Biff taction spectra are normal spectra. 

If wo use sunlight to produce a diffraction spectrum, Fraunhofer’s lines* 
{»f I ours(* appear in it. On the coloured plate (facing p. 158) two spectra are show n 
<»r]C‘ above another, the upper being a dispersion spectrum produced by a flint-glas'< 
prism and the lower a normal diffraction spectrum. In the dispersion spectniui 
the blue is much more drawm out than in the normal spectrum, wluJe the red is 
much more civwded together. On the other hand (see fig. 14, p. 100), if w^e do not 
use the wave-length as the co-ordinate, but the frequency v cjl), which is 
more impoitunt theoretically, the relationship departs less from linearity with 
tlie prismatic spectrum than it docs with the diffraction spectrum. 

The Grating Spectroscope (fig. 14).—This apparatus consists of a 
tub(' f arrying a slit S which is illuminated by light from the source 
iiTidtT investigation. The rays are then made parallel by means of 
t])e collimating lens B and fall on the glass grating GG. The position 
o{ th(' diffraction band of zero order is indicated by the arrow at 0. 
T]ii(‘ angle at which the parallel rays forming the first-order band 
at A in the focal plane of the telescope enu'rge is given by the equation 

A 

sill a 7 ". 

0 

The iliffraf'tion band is observed through 0, the eyepiece of the tele¬ 
scope. A wave-length scale may be directly attacked to the t(‘leseope 
stop at A and the wave-length 
read off. If we wish to photo¬ 
graph the spectrum, we have 
merely to replace the telescope 
by a camera focused for infinity. 

In their passage through 
glass the rays are partly 
absorbed, particularly the ultra¬ 
violet rays (Chap. VII, § 4, 
p. 160). Hence in investigations of this part of the spectrum it is 
impossible to use either glass lenses or a glass grating. For such 
investigations Rowland’s concave reflection gratings arc particularly 
suitable, as they produce a sharp image of the spectrum directly by 
reflection. 

These concave gratings require to be set up in a particular way. In fig. 45 
GG denotes the concave grating and A its centre of curvature; A is accordingly 
the imago of itself in the concave mirror, A circle with centre C is drawn on 
AM as diameter. A slit S, which is illuminated by the source (L) under inves¬ 
tigation, lies on this circle. The rays of light from the slit fall on the concave 

* Their wave-lengths were first measured by Fbaunhofer in 1823 with the help 
of gratings. 
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mirror and produce an imago of tho slit at 0. The point 0 is accordingly illumi¬ 
nated as if a source at L' were to send its light through the grating GG; hence 
G may be regarded as a diffraction grating of zero order. The position of the 
tirst-ordcr spectrum A is then such that 

sin DMA 

Now ZAOM is a right angle, so that 
sinOMA 



v^ nere r is the radius of curvature of the concave grating. From the two equations 
it follows that 


r 


=- i.e. AO 
o 


AO is therefore proportional to the wave-length X. If wo replace AO by the 
arc of tho circle, we find that a wave-length scale may be directly fixed to the 
circle, i.e. that a normal diffraction spectrum is formed 
at A. A curved photographic plate P is then placed at 
A and directly receives the normal spectrum of the 
source L. 

Note .—Tho above argument includes a number of 
simplifications and omissions, but the same r(\sult. 
namely, that a sharp normal diffraction spectrum is 
produced at A when the apparatus is set up as shov\!i 
ui the tig lire, is obtained when the calculation is carried 
out on stricter lines. 

The Importance of the Measurements obtained 
with the Diffraction Grating. —The extreme irnpor- 
r JK 45 —Adjustment oi a taiice of tlie diffraction grating lies mainly in tlu^ 
Rowland concavL grating determination of the grating 

constant, the dimensions of the apparatus, and the spectra obtained, 
i.e. from measurements of length which can be carried out very accur¬ 
ately, it is possible to measure the wave-lengths of the lines occurring 
in spectra directly with great accuracy. Prismatic spectrometers can 
then be calibrated on the basis of the values so obtained. There is 



also the further advantage that by using concave reflecting gratings 
it is possible to avoid the use of lenses, and hence to let the rays traved 
entirely in a vacuum; by this means it is possible to penetrate into 
regions of the spectrum which, owing to absorption, would otherwise 
b(i inaccessible. Actually almost the whole region of the spectrum 
of electromagnetic waves given in fig. 47 (p. 646) of Vol. Ill has 
been investigated and wave-length data have chiefly been collected 
in this way. For accurate measurements in the visible region and 
adjacent regions, interferometric methods (p. 193) are steadily gaining 
in importance. 

From the fundamental formula governing the action of the dif- 
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fraction grating we see that the grating constant must be of a mag¬ 
nitude suited to the wave-length, [t must not be too small, as other¬ 
wise the above interference phenomena do not occur at all, and it 
must not bo too large, as otherwise it is not possible to separate the 
s-pectra from the central image. 

By letting the waves fall on the grating almost at grazing iiicj- 
(lence, however, it is possible to get a good separation of the variou'^ 
orders of spectra by reflection, <‘VGn when the constant of the grating 
is relatively large. For ('xaniple, by using the total reflection of X-rays 
(fig. 19, p. lf)5) we can in this way investigate X-ray spectia 
(fig. 4G, Plate XVI) with ordinary glass gratings (by n^fleeiion). 
very exaet measurements of wave-length which can be made in i\u> 
v<iy are of particular importance in that they tmable AvaiOADUo's 
number and the charge on an (‘lectron (see Vol. V) to be determined 
by a method depending solely on nuMsurements of length and 
density. 


L 



echelon grating 



Flir. 48 .—^Michelson’s 
pile of plates 


Michelson's * Echelon Grating. —^It follows from the discussion 
based on fig. 43, p. 206, that the diffraction spectra of higher order 
are more spread out than those of lower order, i.e. the resolving power 
is greater in the former case (p. 211). Diffraction spectra of high order, 
however, are very faint; moreover, if gratings with a large number 
of lines and a small grating constant are used, they are very far to 
one side or the other. In a Rowland grating with very close ruling 
the third-order spectrum does not occur at all, for the expression 
sina = nX/b then takes a value for n = 3 which is greater than unity. 
These two difficulties prevent the use of the higher-order spectra 


(B6I8) 


• See p. 190. 
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produced by diffraction gratings. Starting from the idea that the 
diffraction spectra of high order are produced by pencils of rays with 
a large difference of path, Michelson developed his echelon grating. 

To understand its action we begin 



by considering fig. 47. Here I and II 
denote two slits in the opaque screen 
G6. If two pencils of parallel rays, 
Si and S 2 , from the source L at infinity 
pass through the slits I and II, they 
are made to converge to the band of 
zero order A on the screen Sc by the 
condensing lens K. If, however, we 
place the flat glass plate G1 of thickness 
d over slit II, the pencil Sg is re¬ 
tarded in phase by the amount == 
1 ), where g, is the refractive index 
of the glass. Two pencils of parallel 
rays with the difference of path 
accordingly interfere at A and produce 
an image which exactly corresponds 
to a diffraction band of high order. 

Michelson made use of this property 
in his echelon grating, shown diagram- 
matically in fig. 48. This consists of 
several glass plates I, II, III, . . . one 
on top of another; these are as nearly 
as possible of the same thickness, and 
each overlaps the preceding by the same 
small amount. As a result each pencil 
of parallel rays starting from L is 
subject to a retardation corresponding 
to the optical thickness of the plate of 
glass traversed by it. Thus the pencils 
emerge with constant differences of 
path between adjacent pairs. When 
they are combined by means of a 
convergent lens a bright interference 
pattern is produced, which corresponds 
to a diffraction spectrum of very high 
order—say the ten-thousandth, the 


external appearance of an echelon 


grating is shown in fig. 49. Fig. 50 (Plate XVI) shows a photo¬ 
graph of the green mercury line (see the coloured plate) taken 


with an echelon grating (of. fig. 306, Plate XV). 


The Besolving Power of Specteosoopee.— If light consisting of two 









Plat I XVI 





/ u m JT r 

Ch VllI hifi 4f) Photoj?riph ol an X riy line from dlunnnmm (kn a 8 A ) l)\ Bat Klin 
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colours which difler very little in Avave-length is investigated in a 
spectroscope, the two are only recognized as difieroit kinds of rays 
if their difference of wave-length dX reaches a certain magnitude. 
If the mean wave-length of the rays is A, X/dX is called the resolving 
pou'cr of the spectroscope. A resolving power of 100,000 accordingly 
moans that rays which differ by 1/100,000 of their wave-length can 
still be recognized as se))aratc. 

Prismatic Spectra .—Two adjacent spectral lines (monochromatic 
!mag<‘s of the slit) cannot be separated to an indefinite extent by intro- 
thicing gr(‘at(‘r magnification in observing or photograytiing the spec¬ 
trum. For owing to the diffracting effects of the slit each spectral 
lirie has a finite breadth, which by pp. 10, 145 is smaller the larger 
tlj(‘ slit. Hence to increase th(‘ ri'solving power two yjossibilitif's are 
available: (1) using large lenses and ]irisms and (2) increasing the 
di^[)t*rsion (usually by employing a larger number of prisms, but not 

a rule moie than three). The first method is not advisable once 
a (*ertain (legre(i of rfvsolving pow(u* has been attained, owing to the 
^a^ious alxnrations, whi(4i are usuallv iiKTcased likewise. 

Taking diffraction and dispersion into account, we obtain (according 
to Lord Kaylekui) 

-A — 

cix ~~ (ly 

vhere C’ is the hmgth of the base ol the prism and dfi/dX the dispersion. 

Evamplc. —With a flint-glass pri.sni (g -- 3-0 »j) Laving a side of 1 cm. the two 
t unipoDcnts of the D line {dA G A.) can ju'-t be separated. 

Interference Spectra .—The interference maxima become narrower 
tJie greater the number (p) of separate interfering elements (lines 
on a grating, plates in an echelon grating, number of reflections in 
tlui Lummer-Gehi*cke jilate). The distance betwx^en the maxima 
Corresponding to two rays of different wave-length is greater the higher 
the order (m) of the interference phenomenon observed. It follows 
that 



In ruled gratings p is made as great as possible, while m cannot 
as a rule exceed 2 or at most 3. In the other types of apparatus m 
is the chief effective factor. Table III (see p. 212) gives a comparison of 
the resolving powers attained hitherto with various kinds of instru¬ 
ments for a wave-length of 500 mp. As the wave-length increases the 
resolving power of prism spectroscopes gets worse, whereas that of 
interferometers improves, and conversely for smaller wave-lengths. 
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Tablk hi 



Resolving Power 

... 

Order of 
Spectrum 

1 'lint prism (0-- 10 eni.) .. 

10,000 


Ruled grating {%) - 100,000; 3rd unler spectrum) 

3(XI,<(00 

3 

J^iehelon grading (40 plates, each 1 cm. tliuT) 

4(t().00(l 

10,000 

LummerdJehrcke plate (1 cm. thick, 20 cm. Jong) 

800.000 

1 40,000 

Air plato (20 cm. tliick) 

7,0(»0,<J00 1 

_! 

800,000 




fHAPTER IX 


The Velocity of Light 

1. Methods for Determining the Velocity of Light. 

The Eclipses of Jupitet’s Moons. —The velocity of light was lirsi 
determined by the Danish astronomer Olk Eomer* in 1675. He 
<‘alculatpd it from the retardation of the onset of the eclipses of a 
satellite of Jupiter during the period in which the earth in its motion 
lound the sun is receding from .Tupiter. 

Let the circle with centre S m fig. 1 represent the earth’s orbit and the small 
t ircle with centre J the orbit of the first principal satellite of Jupiter, which has 
an orliital period of 1*769 da^s or about 42J houi's. When tho earth is at 1 oi 
at III the orbital period (i.e. the time between two successiwe eclipses of the 
.satellite) as observed I y a terrestrial observer agrees 
exactly with the true orbital period of the satf^llite. 

Tho observer, it is true, does not see the onset of an 
('(I ipso at the instant at which it really takes place, 
but later, the interval representing the time taken by 
light in travelling from Jupiter to the earth; but the 
retardation is the same for two successive eclipses, so 
that the interval between them agrees with the 
actual orbital period. Jf, on the other hand, the earth 
is at II, i.e. is receding from Jupiter, the orbital period of the satellite appears 
lunger; for while the satellite has gone once round Jupiter the earth has moved 
a considerable distance away from Jupiter. Two successive eclipses arc again 
observed later than they actualty occurred, but os the light in the case of the 
second eclipse has farther to travel than in the case of the first, the observation 
is more belated in the second case than in the first. Hence the orbital period is 
apparently lengthened. J’he same ocomrs at every revolution of the satellite 
during the time that the earth is moving from I to III by way of IE. On th(‘ 
other hand, during the time that the earth is moving from HI to I by way of 
<»ach orbital period is shortened. These separate increases in the orbital period 
on one side of the earth’s orbit (I-II-III) and decreases on the other side 
of tho earth’s orbit (III-IV-I) are additive. If now, starting from the instant 

* Ole R6mer (1644-1710), a Dane, was assistant to Domenico Cassini, the 
director of the Paris observatory, from 1669 to 1676. During this time both of them 
continued the tables of the eclipses of Jupiter’s moons begun by Cassini in 1660. Tho 
fact that tho eclipses are retarded, and his explanation of the fact, were communicated 
to the Paris Academy by ROmee on 22nd November, 1676; but the members of the 
academy, like Cassini, were not disposed to accept the explanation of the phenomenon 
as due to light being propagated with a finite velocity. 



Tig. I. —Various positions of the 
Earth, the Sun, and Jupiter 
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I, we calculate from, the true orbital period the instant at which an eclipse should 
occur \^hen the earth is in the neighbourhood of III, it is found on observation 
that the beginning of the eclipse is 1000 seconds late. If, starting from the instant 
HI. we calculate from the true (i.e. the mean observed) orbital period the instant 
at wliich an eclipse should occur when the earth is at I, it is found on observation 
that the beginning of the eclipse is 1000 seconds too early. This must be the time 
taken by the light to travel from I to III, i.e. right across the earth’s orbit. The 
diameter of the earth’s orbit is 300,000,000 Km.; hence in free space light 
traverses one-thousandth of this distance in one second, i.e. 300,000 Km. 

Fizeau’s Method.—The velocity of light was ako determined by 

J. Bradley in 1725 from the so-called aberration of the fixed stars. 
His method will be described in Vol. V. Later Fizeait * measured 
the velocity of light by moans of terrestrial experiments (1849). At 
the ends of a base-line 8633 m. long two telescopes I and II (fig. 



focused for infinity were set up facing one another in such a way 
that an observer looking through one telescope saw the cross-wires 
of his own telescope covering the cross-wires of the other telescope. 
The cross-wires of the observer’s telescope I were then replaced by 
the rim 0 of a toothed wheel Z (the teeth and the gaps being of the 
same width) which could be made to revolve rapidly about its axis, 
which was parallel to that of the telescopes. Between A, the eye¬ 
piece of the observer’s telescope, and 0, the edge of the toothed wheel, 
was inserted a plane unsilvered piece of plate glass G, inclined at 
an angle of 45° to the axis of the telescope. The point source of light 
L outside the telescope emitted rays which were made to converge 
by a lens C and were reflected from the glass plate in such a way that 
a real image of L was formed in the plane of the toothed wheel. If 
the wheel were at rest and the light fell on a gap between the teeth, 
the rays continued to diverge and, after being made parallel by the 
objective B, left the telescope I in the direction of the axis of both 

♦ H. Fezbau (1819-96), Professor of Physics in Paris, made a number of noteworthy 
investigations in optics. He also suggest^ the use of a condenser in the induction 
coil (Vol. Ill, p. 517). 








EXPERIMENTAL METHODS 


215 


telescopes. Tlie pencil of rays then entered the objective of telescope 
TI, was made to converge by it, and fell on a plane metal mirror S 
which had been substituted for the cross-wires of t(descope II. After 
reflection the rays of the convergent pencil travelled over their former 
path in the reverse direction and could then be observed through A, 
the eyepiece of the telescope I, and the transparent glass plate G. 

If the toothed wheel Z were then set rotating the field of view 
was found to become dark when the rate of revolution reached a (*er- 
tain value. For if the toothed wheel had turned through an amount 
exactly corresponding to the breadth of a tooth during the passagt^ 
of the pencil of rays backwards and forwards, a pencil of rays which 
passed through a ga]j on its outward journey would fall on the next 
tooth on the return journey. When the rate of revolution was doubled 
the field of view was found to become bright agam, since the light 
which passed through a gap on its outward journey could then pass 
tlirough the next gap on the return journey. As the rate of revolution 
was increased still further the field of view became alternately bright 
and dark. 

Fizeau used a wheel with 720 teeth. Darkness first appeared 

hen the wheel rotated 12-6 times per second. Then the time necessary 
for a gap to be replaced by the tooth following it was 1/(2.720.12*6) 
“ 1/18,150 sec. During this time the light must have traversed thf 
distance between one telescope and the other twice, i.e. a distance oi 
2 X 8633 m. or 17-27 Km. That is, in one second light would traverse 
a distance of 18150 X 17-27 Km. = 313,000 Km. 

Pekrotin in 1901, using the same method with improved instru¬ 
ments and a base-line of 46 Km., obtained the value (corrected to 
free space *) 299,860 ± 80 Km, 

Foucault's Method. —A few years after Fizeau had determined the 
velocity of light experimentally for the first time by the method just 
described, Foucault f published a second method (1862), which 
enabled him to measure the velocity of light by means of a rotating 
mirror. The most characteristic part of his apparatus is a small 
plane mirror which may be set in rapid rotation about a vertical axis. 
By means of a small turbine actuated by compressed air Foucault 
obtained rates of over 800 revolutions per second. He determined 
the number of revolutions per second from the sound produced. 

The arrangement of Foucault’s apparatus is shown diagrammatically in 
figs. 3 and 4. S is tho mirror, which rotates about the axis O. Sp is a slit illuminated 
hy a strong source of light L in conjunction with the condensing lens C, or by 
sunlight. K is a convergent lens which if the mirror S were not there would 

♦ If ca is the velocity in air, c that in free space, and « 1 00028 tho absolute 
refractive index of air (p. 54), c ^ cji X 1*00028. 

f L6 on Foucault (1819-68), originally a physician, was subsequently a member 
of the Paris Academy. 
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produce a real image of the slit at Bj. The mirror S, which at first we shall assume 
to be at rest, reflects the light rays so as to produce the real imago of the slit 
at the pomt B on the concave spherical mirror H. The centre of curvature of 
the concave mirror H is to he on the axis O about which the mirror S rotates; 

A, 



J ig —Foucault’s ipparatua 


it will then reflect all the rays falling on it from S back on to S. The returning 
i.i^s accordingly give rise to a real image of the slit, which coincides with the 
^lit itself. The central ray of the pencil forming the image is given by SpOBOL 
We have still to take into account the action of the plane unsilvered glass 
plate P inc'lmed at 45® to the path of the rays. The plate reflects part of the ligh^ 
in a direction at right angles to its former path. I'heso refli'cti'cl rays give rise 



to a real image of the slit at Aj, which is observed by means of a microscope with 
an eyepiece micrometer. 

If the mirror S is set revolving slowly, the image only appears when the 
rays reflected by S actually fall on the concave mirror. It follows that the image 
of the slit will peritxiically appear and disappear. If we gradually increase the 
rate of revolution, the image will flicker at first, but appears steady when the 
number of revolutions per second reaches even the low value of 10. 

The rate of revolution of the mirror is now increased so greatly (fig. 4) that 
during the time required by light to travel from S to the concave mirror H and 
back again to S the mirror 8 has revolved through a small but finite angle 8 
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•so as to occupy the position S'. As a result the virtual image of the point B 
formed by the mirror S' will lie not at Bj, but at Bg (p. 34, fig. 4). TJic pro¬ 
longation of B 2 O is the reflected ray corresponding to BO after the mirror liiis 
rotated, and Z.B 1 OB 2 ~ 2S. The rays reflected by S' then appear to come from 
B 2 ; they pass through the condensing lens K and now produce a real imago 
of the slit at Ag* This imago of the slit is displaced relative to the image A^ through 
on amount e which may be read off on the eyepiece micrometer of the observer’s 
microscope. 

If wo denote the radius of curvature of the concave mirror by r, the distance 
of the slit Sp from the condensing lens K by d, the distance of the image Bj iroiii 
the condensing lens by t?', the number of revolutions of the mirror S pei sei ond 
))y n and the velocity of light by c, we have the following relationships: 

The angular velocity of the rotating mirror is 27rr?. As the time taken by 
the light to traverse the path OB and back, i.e. a distance 2r, is 2r/c, the angle S 
through which the mirror rotates durincr 1 his time is given by 

.V o 477/0 

6 It.u . - - ~ ; 

r c 

iK'iKe 28 

c 


As the angles are very small the ratio of the angle B^KBo ancle 

is th(‘ reciprocal of the ratio of the corresponding lines r and d'; hence 


ZBjKIL 


Hn7ir r 
c d' 


8771 //'“ 

cd' 


As the slit, and hence also the images of the slit Aj and Ao, are at a distance 
d from the condensing lens K, measured along the light rays, it finally foll{;^^s 
that the interval A 1 A 2 — e, through which the image of the slit observed in the 
microscope is displaced, is 


e^d L BjKlL 




From this expression, in which all the quantities but c are directly measurable, 
it follows that 

87r?/Hd 


Example ,—^A concave mirror with a radius of curvature of 9 m. (9 X 10^ 
■cm.) was used, and a condensing lens was set up so that d was 2 ra. (2 X 10“ 
cm.) and d' 10 m. (10 X 10^ cm,). When the mirror reached 800 revolutions per 
second, the displacement of the image of the slit was 1-08 mm. (1*08 X 10"^ 
cm.). 

Substituting those values in the formula above, we have 
1*08 X X 10 X 16 ^ 


A. A, Michelson’s Method. —The mirror method has been brought 
to an extraordinary degree of perfection by Michelson (1926), By 
^ikilful improvements in the apparatus he has been able to increase the 
brightness and steadiness of the image to such an extent that it is 
possible to make the light traverse a ^stance of about 70 Km. 
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The lay-out of the apparatus is shown in fig. 5. Light from a very bright 
arc lamp (such as the Bock lamp mentioned on p. 25) passes through the slit S 
and falls on an eight-sided prism of glass or nickel steel. Its surfaces are made 
as highly reflecting as possible and are so ground that the angles between tho^ 
sides of the prism are identical to within a millionth part of their magnitude. 
This mirror-prism is capable of rotating about an axis at right angles to the 
paper, and is driven by compressed air. To begin with, we shall assume that 
the prism is at rest. The pencil of rays incident at a is reflected to the fixed plane 
mirror h and thence to an obliquely-placed plane mirror c, which reflects the 
rays on to a concave mirror of diameter 60 cm. in such a way that they travel 



Fig. 5.—IVIichelson’s apparatus for measuring the velocity ot light 


as parallel rays to the exactly similar concave mirror Ho at a ditotanco of about 
Km. There they are thrown on to a small jdane mirror d at the focus ot 
the concave mirror, are reflected back to the concave mirror, travel back to H,. 
and fall on a small plane miiror e placed just below c but almost at right angles 
to it. Thence the light is reflected by way of the plane mirror / to the side g ot 
the ‘‘ octagon ”, and then by way of a totally reflecting prism to the observer's 
telescope which is provided ^\ith an eyepiece micrometer. When the rotating 
mirror is at rest the image of the slit S is accordingly seen in the telescope F, 
If the mirror is set rotating, the image vanishes, as the light reflected from (f 
at the instant at which it occupies the position shown in the figure, on arriving 
at g, finds this mirror already turned through a definite angle, owing to the time 
which the light requires to travel over the distance of 70 Km. If the mirror is now 
rotated more rapidly, there comes an instant when the image of the slit again 
becomes visible, i.e. w^hen at the instant of arrival of the flash of light the next 
face of the prism exactly occupies the position of g, i.e. the prism has rotated 
through exactly one-eighth of a complete revolution. If the path over which the 
light travels is 70-8 Km. this occurs at about 628 'revolutions per second. The 
experiment now consists in keeping the mirror rotating at exactly this value, 
which it is possible to do for several seconds by comparison with an electrically- 
driven tuning-fork. This time is sufficient to measure the small remaining dis¬ 
placement of the slit relative to the position of rest, by means of the eyepiece 
micrometer of F. The base-line was measured by a staff of expert surveyors with 
an accuracy of 1 in 5 millions. The tuning-fork was calibrated with equal accuracy 
by means of a standard clock. 

The value obtained for the velocity of light in a vacuum is 

299,796 ± 4 Km./s0C. 

More recent experiments, in which the path traversed by the light 
is over 260 Km., have not yet been concluded. 

For the determination of the velocity of light by means of the 
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Kerr cell see p. 258. The velocity of long electric waves, and on the 
other hand that of X-rays, has also been found to be 3 X 10^® cm./sec. 
in a vacuum, within the limits of experimental error. 

2. The Velocity of Light in Material Media. 

Measurement of the Velocity of Light in Water. — Foucault inserted 
a tube full of water in tlie path of the rays between S and H (fig. 3). 
This enabled him to measure the velocity of light in water also. 
Foljcault's experiments yielded the result that the velocity of light in 
tvater is only three-fonrfhs of the velocity of light in air. The ratio of the 
velocities of light is exactly equal to the ratio of the refractive 
indices. 

Foucault’s experiments are of particular importance because they 
decided the question whether the velocity of light in optically denser 
media is less than or greater than the velocity in optically less dense 
media. This question is closely connected with the question whether 
light consists, as on Iskwto.v's emission theory,* of small particles 
((.orpuscles), which are thrown out in all directions by the source of 
light and proceed in straight lines, or whether light is propagated like a 
wave motion. Foucault’s expcTimcnts decided the matter finally in 
favour of the wave theory of light. Here, however, it is to be noted 
that recent results on the properties of light quanta show that it is 
possible to reconcile the emission theory with Foucault’s experiments 
(Vol. V). 

Group Velocity and Wave Velocity.—^The methods described above for 
determining the velocity of light do not really measure the same quantity in 
tiie same way. For the methods of Fizeau and Romer apparently give the 
\elocitv A\ith ^\hich a sharply bounded train of waves, a wave group, advances. 
Foucault’s method, as closer investigation shows, also gives the group velocity 
(p. 172); Bradley's aberration method is the only one that gives the wave velocity, 
according to the usual conception of the propagation of light. Now in a vacuum 
light of every wave-length has the same velocity; there is no dispersion. Measure¬ 
ments by Shapley in 1923 showed that the variations of intensity of stars which 
arc so distant that their light takes 40,000 years to reach the earth take place simul¬ 
taneously for green light and for violet light, so that within the limits of experi¬ 
mental error the velocity of light is the same for these two colours throughout 
the universe (in free space) to within one part in 2 x 10^®. Hence in free space 
the group velocity and the wave velocity have the same value (Vol. 11, p. 226). 
This is not so, however, for media in which there is dispersion (p. 171). Carbon 
disulphide, for example, is a medium with a high dispersion. In it the wave velocity 
and the group velocity differ markedly. In fact, A. Michelson (1884) was greatly 

* Descartes in his Dioptric (1637), extending Plato’s ideas, had previously 
developed the theory that light is to be regarded as consisting of moving corpuscles, 
but not in a very clear way. Using this idea, he succeeded in deducing the law of refrac¬ 
tion. The oonolusions which Descartes drew from his version of the law of refraction 
were immediately attacked by Fermat (p. 221), who was able to suggest another 
basis for the law of refraction and obtained the more intelligible hypothesis that light 
should be propagated more slowly in the optically denser medium. 
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surprised to obtain the value = c/1‘77 for the velocity of light in carbon 
disulphide, using Foucault’s method, the value calculated from the refractive 
index being only c* ” c/1 *64, where c is the velocity of light in air. Now by Vol. 
II, p. 226, the group velocity c" is given by c' — X dc'/dX, where c' is the wave 
velocity, varying with wave-length, in the dispersive medium. For carbon disul¬ 
phide measurements of the dispi'rsion give ~ ~ e<(ual to 0*075. Hence lor the 

c dk ^ 

group velocity vv(‘ luui' 

(Ic^ 

C^' - C' - X — - c' - c' X 0*075 - c'(l - 0*075). 

Inserting c' c/Mil, vvc have 

r(l — 0*075) _ c 
® ■' Tw F77 

ill complete agreement with Michelson’s result. By taking dispersion into account 
it is accordingly possible to exjilain the apparent inconsistency of the experimental 
<lata, which had been further confirmed bv very accurate experiTuents. especially 
))y Gutton (1911), 

Measurements of Wave-length.— The variation in the V(‘loc*ity of 
propagation of light with tlio refractive index of the medium may 
also be demonstrated by direct measurements of wave-length. If 
the film of air between the lens and the glass plate in the experiment 
of Newton’s rings is replaced by water, by letting a drop of water 
flow in between the lens and the plate, and all the other experimental 
conditions remain the same, the rings move closer together, the 
radius of each ring shrinking to 13/15 of its original value. As the 
frequency of the light used remains the same, this can only be due 
to a change in wave-length. Hence the wave-length in water is only 
about three-quarters of the wave-length of the same light in air; for 
the wave-length is proportional to the thickness of the film, i.e. to 
the square of the radius of the ring, and (13/15)- == 169/226 3/4, 

As by the equation c = vA the velocity of propagation is proportional 
to the wave-length, it follows that the velocity of light in water is 
only three-quarters of the velocity of light in air; it is accordingly 
about 225,000 Km./sec. 

The same result is obtained from measurements with a diffraction 
firating. 

A rectangular metal box K w ithout a lid (fig. 6), 1 m. long and bounded at 
its smaller faces by flat pieces of plate glass, is set up so that the centre of the 
box is at the same height as the condensing lens C of a mercury lamp B, whose 
light passes through a green filter and is thus rendered monochromatic. Immedi¬ 
ately in front of one end of the box (the right-hand end in the figure) there is 
a diffraction grating G, which has the constant d ^ 0*05 mm. The illuminating 
slit and the collimating lens L are placed between the box and the condensing 
lens, while the ground-glass screen S is fixed in the box so that diffraction bands 
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are distinctly formed on the screen. If the box is then half filled w ith water, two 
systems of diffraction bands are formed on the screen S. The upper system of 
bands is produced by light waves which have travelled through air, the lower 
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Tig. 6 —Cjrimschl’.s appaiatut. for clemonstiating the diffeient velocities of light an dilTcicnt media 


by light ^vaves which have tra\ died through water. The bauds of the two systems 
lie one on top of the ot})er in such a way that four i^^terv^'ds ItetAveen batids for 
water correspond to three mtervals for air. 

Tlio distances betw'eea the diflractioii bands are ])ropoitioiial to the w*ave- 
Itmgtlis and these to th(' veloeitros of light in the two media, so that the velocibes 
oi liglit Ill air and water are in the ratio of 4 to 3. 


3. FermaCs Principle. 

Fernicit's * principle is usually stated as follows: 

The 'path of a ray of light from point to point is ahmgs snch that 
the time taken hg the light to traverse it is a 


Reflection. -Two points A and B lie in front of the plane mirror SIS" (fig. 7). 
Jf these points are joined to two points C and F 1.^ing on the surface of the mirror, 
of wliieli F is so situated that the ray AFB satisfies the law' of reflection, but the 
ray AFB d( )es not, it is required to 
prove that light takes J('ss time 
to trav(T-!C the path ACB than it 
v\oukl tlo to traverse the path 
AFB. 

If from F we drop the per¬ 
pendicular FI) on AC and the 
jierpendicular FE on BC produced, 

/.BCL " ■ Z.ACJj Pjg. <7. —law of reflection and Fermat’s principle 

by the law of reflection; hence the triangles CDF, CEF are congruent, so that 

CD - CE. 



Hence the path ACB is equal to AD + DC + CB or AD -4- EB. Further, 
AD < AE and BE < BF; hence 

AD -f EB < AF -I- FB, 

that is, the path ACB is shorter than the path AFB, Hence wo have Fermat's 
principle, that in reflection at a plane mirror the light traverses the path ACB 
in a shorter time than it traverses any other path AFB.f 

* Pierre de Fermat (1608-65), a lawyer and member of the parliament of Toulouse, 
was at the same time one of the foremost mathematicians that France has produced; 
he brought forward the principle stated above in order to prove Snell’s law of refraction, 

f The fact that in reflection the path taken by the light is a minimum was actually 
known to of Alexandria. 
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Refraction.—Let WW' in fig. 8 represent the plane boundary between t-n o 
media which differ in their refractive properties, e.g. air and glass. Let the point 
A bo in air and the point B in glass. A and B arc joined to Lvo points C and F 

on the boundary surface such that 

p ' 

C _ 


Au 




It 


IV 


/, 


/ 

B 

1 1 }^. 8 -TIic law of icfraction and Fermat’s principle 


ACB is the path of the light ray 
according to the law of refraction, 
Avliilo AFB is any other path. It is 
loquired to prove that light takes 
less time to traverse the path AC'B 
than it would to traverse the path 
Ai^T. 

If the refractive index of gbi'^s 
r(‘lativo to air is [x, and if we take 
the velocity of light in air as unity, 
the velocity ol light in glass is equal 
to 1 /[X. To traverse the path ACB 
the light requires the time AC ' 1 
n- CB X fx; to traverse the path 
FB ''C fx. If i and r an' the actual 


.VFB it would reifuire the time AF X 1 
angles of incidc'nee and refraction, smi^ (x slur. 

If from F we drop the perpendicular l^'D on AC and the perjiendicular FE 
on BC produced, w'o have 

ADFC-“tand Z( I’K ?. 


i.e, sin DFC' * [i ^inCFE. As sinDFC - (Tl/C V and ^luCFE Cly CF, it follow s 
that CD = [xCE. 

The time whicli the light ray takes to traverse the path ACB eorrespondine 
to the law of refraction, i.e the tirno to trav'crse AC-1- may ht' rejilaced 
by the time taken to traverse AD -j- DC -f (A/B. 

Then as DC — [xCE, it follow's that the path AC -f [xCB is equivalent to 

AD -! (xCE :xCB -- AD -C jxEB. 

]I\o\v AD <. AF, EB FB, so that 

AD -i [xEB ^ AF -1- [xFB. 

Tlu' last expression represents the time which the light would take to traverse 
the path AFB. Hence Feimat’s principle is established for refraction also. 

Note, —It is to be noted that under certain circumstances the path of the 
light may bo a maximum. The general form of Fermat’s principle is as follows: 

Among all the neighbouring possible paths the path actually followed by the light 
is a maximum or a minimum. 



CHAPTER X 


The Polarization of Light 

1. Polarization by Reflection. 

The Fundamental Experiment.— The following experiment reveals 
.in entirely new propcTty of light. 

A pent'il of parallel rays (tig. 1) falls obliquely on a glass plate P 
wliieh has its rear side blackened. The part of the light entering the 
is absorbed at the back of the plate, the part (M) refli'cted at the 



Fig. 1 Fig. 2 Fig 3 Fig. 4 

Polan/ation of light by reflection 


front surface alone remaining accessible to observation. If the re¬ 
flected light M is allowed to fall on a second glass plate A which like¬ 
wise has its rear side blackened, the light is again reflected in the 
direction N. If the second reflecting plate A is then rotated about 
the incident ray M as axis so as to occupy successively the positions 
shown in figs. 1-4, the intensity of the reflected ray varies four times. 
It reaches its maximum when the two planes of incidence, i.e. the 
planes containing the incident and reflected rays in each case, comcide 
(as in figs. 1 and 3) and its minimum when the two planes of incidence 
are at right angles to one another (as in figs. 2 and 4). 

If the light rays are allowed to fall on the two glass plates at 
different angles of incidence, the variation of the intensity of the light 

22S 
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reflected from the second plate is most marked wlien the angle of inci¬ 
dence is 55° for each mirror (fig. 5). 

Reflection at the glass ])late affects the pencil of light rays in such 
a way that it behaves quite differently in two directions at right angles 
to one another. This change in the properties of light is called polariza¬ 
tion, the light so altered, polarized light, 
and the plane in which the light polarized 
by reflection is incident, the plane of 
polarization;* the apparatus by which 
polarization is brought about is called 
a polarizer. 

The Plane of Polarization 
and the Direction of Vibration. 

—The extreme importance of 
the discovery of polarization 
is due to the fact that the 
transverse nature of the motion 
which constitutes light was 
tb(Teby (established. In order to explain 
Ihe behaviour of polarized light described 
above, we must assume that there is a 
diffeience between the two sides of the 
lay (if we imagine ourselves looking 
along th(* direction of the ray), that is. 
that. th(' periodic variations of which light consists take place in a 
definite pLine, which is determined by the direction of the ray and 
a direction at right angles to this (fig. 6). A vibration of this typ(‘ 
taking })laee at right angles to the direction of propagation, that is, 
in wliich the variation resembles the motion of the particles of a 
vibrating string at right angles to the direction of propagation of the 
waves, is a transverse vibration. 



Fig (» ~ 
Different c ot. 
a polarized 
light rav in 
two plant*' 


i ig. “-Light jiolanzed by leflec- 
tion. The plane of jcHection is the 
planf polarization 


* The discovery of the polarization of light goes back to Malus (1776-1812). One 
e\ ening in 1808 ho was looking through a piece of Iceland spar (p. 233) at the windows 
of the Luxembourg Palace in Paris as they glittered in the light of the setting sun, 
and noticed that with the Iceland spar in a definite direction only one imago was to 
be seen. He repeated liis experiments with other sources of light, the light being 
reflec ted from glass plates or water. He concluded that light rays have definite “ sides ” 
and thought that this could be explained by the idea that the corpuscles radiated bv 
the source of light were “ polar ”, i.e. had poles like little magnets. The name polari¬ 
zation is due to Malus. Fresnel established on the basis of the wave theory of light, 
which he strongly upheld, that two light rays polarized at right angles to one another 
cannot interfere with one another. The gifted physician Thomas Young (1773-1829) 
concluded from this that the vibrations of light must be transverse (see above) in 
their nature (1817). (Curiously enough, the idea that the vibrations of light are trans- 
verbo had already been put forward by Hooke in 1672.) In 1821 Fresnel then found 
that transverse vibrations may be combined to form vibrations of very differing 
types, e.g. elliptic vibrations. He founded the theory of circular polarization (p. 262) 
and explained the rotation of the piano of polarization in quartz by means of it. He 
also explained double refraction as due to the wave surface not being spherical. 
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On p. 624 of Vol. Ill we learned that the electromagnetic radiation 
of a dipole is polarized, i.e. that the periodic variation of the electric 
intensity at some distance from the dipole takes place in one plane 
only; this was also proved by the experiments mentioned on p. 638 
of the same volume. By analogy we should expect a priori that light 
should be polarized, if we are to explain light as consisting of the 
vibrations of an electrical configuration. 

Ordinary ” light, however, is not polarized. 

The reason for this lies in the stnicture of ordinary light, whieli 
we have already referred to repeatedly (pp. 2, 174). We must, how¬ 
ever, infer from the fact that coherent light is capable of giving ris(‘ 
to interference even when the difference of path is great, that ih^ 
imlididiml wave-trains of tvhich ordinary light consists are strongly 
polar! zed. 

For, as was slio'wn by Fresnel, coherent wave-trains are not 
capabh' of inierfering with one another unl('^s tfiey are polarized in 




1 / —Licjht pf/l.in/cd in .i plane at 1 iff. 8—Light polan/cd in the plane of 

light angles to the plane of rdlection; reilection; the vibrations take place at right 

the vibrations take place in the plane of angles to the plane ot icflcction 

idkction 


tho same direction (§ 5, p. 241). If, however, this direction were to 
vary arbitrarily along the ray, lasting interference phenomena with 
larg(‘ differences of path could not exist. The planes of polarization 
of the various individual wave-trains, on the other hand, are in quiti? 
arbitrary positions relative to one another, so long as the source ot 
light is not under the special influence of an external electric or mag¬ 
netic field. On the average, therefore, no plane has a privileged position, 
so that in general ordinary light is not polarized. 

If a pencil of light rays L meets the plate of black glass P at the 
polarizing angle of 55®, only those rays are reflected which are vibrating 
in a single direction inclined at a perfectly definite angle to the 
plane of the incident light. It was long and vehemently disputed 
whether the plane in which the light is vibrating coincides with the 
plane of the incident and polarized rays, the plane of polarization 
(as shown in fig. 7), or is at right angles to it (as in fig. 8); but the 
question is seen to be pointless now that light is recognized as consisting 
of electromagnetic waves, in which the electric intensity vibrates 
(i.e. varies periodically) in one plane and the magnetic intensity in 
a plane at right angles to it. The two phenomena, the electric and 

(KC18) 16 
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the magnetic, are of equal importance (Vol. Ill, pp. 616-617). Hence 
we can now understand how all optical phenomena may be represented 
by either assumption about the direction of vibration of light. 

By carrying out experiments entirely analogous to those on the 
polarization of light (described above) with long electric waves, for 
which the position of the electric vector may at once be found (p. 231), 
it has been found that the electric vector vibrates at right angles to the 
plane of polarization as defined on p. 224, i.e. as in fig. 8. Hence flic 
magnetic x^ecior vibrates in the plane of polarization^ as in fig. 7. 

For historical reasons it has been agreed to call the direction in which 
the electric vector vibrates, Le. the direction of the electric in¬ 
tensity E, the “ direction of vibration of the light 



1 ig 9 —Gnmschl’s refltction Fig. ii.—Reflection of polaiized 

polarizer light at a four-sided glass pyramid 


Thus if we say that light is polarized in the plane of incidence, 
or plane of the incident and reflected rays, this means that its electric 
vector vibrates at right angles to this plane. 

Apparatus for Polarizing Light.—^To avoid the inconvenience of apparatus 
in which the pencil of rays has its direction changed as a result of reflection, an 
ordinary silvered piece of glass is set parallel to the black reflecting plate and 
the whole enclosed in a solid case. We thus obtain the apparatus of fig. 9, which 
we may call a reflection polarizer. The pencil of parallel rays L coming from any 
source of light, e.g. the sun, is reflected by the mirror SS on to the glass plate 
GG. Here the reflected ray is again reflected in the direction M. Since SS and 
GG are parallel to one another, the reflected ray M is parallel to the incident 
ray L. The apparatus consisting of the mirror and glass plate, and hence the 
plane of incidence of the light, may be rotated at will in the ring of the support, 
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%vithout the direction of the reflected ray M being altered. The mirror and plate 
are flxed into the case in such a way that the ray of light incident along the 
axis of the ring of the support makes an angle of 65° with the glass. 

By combining two of these polarizers we obtain the apparatus shown in fig. 
10. Here* the second part of the combination of mirrors reflects the light polariz^ 
by the first j)art with maximum intensity when the planes of the incident and 
reflected rays in the two parts are parallel, whereas when these planes are at 
right angles the light is completely extinguished, the part of the light reflected 
iii the first half of the apparatus being completely absorbed in the second half. 

The behaviour of light polarized by reflection is brought out particularly 
clearly by the following apparatus. 

A hollow square pjn-amid whose side faces are plates of black glass (fig. 11) 
is set with its base at the middle of a white screen in such a way that it can be 
rotated on its axis from behind. The angle of inclination of the side faces is chosen 
in such a way that the light incident in the direction of the axis meets the pyramid 
at an angle of 55°. If polarized light, produced by the polarizer in the position 
shown in fig. 9, is allowed to fall on this p 3 npamid in the dii’ection of the axis 
p^issing through the vertex, two bright triangular spots of light appear on the 
screen above and below the p^Tamid, which are produced by reflection of the light 
from the top and bottom surfaces of the pyramid, while the light is not reflected 
from its right and left surfaces. If the pyramid is rotated slowly about its axis, 
the bright spots naturally rotate also, and their intensity diminishes. At the 
same time the two side faces produce triangular spots, \chich are at first faint, 
but brighten as the rotation is continued. If the pyramid is in such a position 
that the diagonal of the base is vertical, i.e. that the planes of incidence of the 
side faces are inclined at an angle of 45° to the plane of incidence of the polarizer, 
ail the four triangular spots due to reflection are of equal brightness. If the rotation 
is continued further, the spots which were formerly bright disappear, while the 
others continue to increase in brightness until their planes of reflection are parallel 
to those of the polarizer, that is, till the reflecting surfaces of the p\Tamid are 
at tbe top and bottom. 

The glass pyramid shows in which planes the pencil of light falling 
on it is polarized. Any apparatus which serves this purpose is in 
general referred to as an analyser. 

If the planes of polarization of the polarizer and the analyser 
are parallel to one another, we say that the polarizer and analyser 
are parallel, or we speak of parallel Nicols ” (see below, p. 239). 
If the planes of polarization of the polarizer and the analyser are at 
right angles to one another, we say that the polarizer and analyser 
are crossed, or w'c speak of “ crossed Nicols 

An instrument formed by the combination of a polarizer and an 
analyser, as in lig. 10, is called a polariscope.’^ 

The intensity of the light which has passed through a polariscope 
is a maximum when the polarizer and the analyser are parallel, and 
a minimum when they are crossed. In the latter case the intensity 
is zero if the two parts of the polariscope polarize the light completdy. 

If the planes of polarization make an angle other than 0® or 90® 

* A polariscope similar in principle to the apparatus of figs. 5 and 10, which was 
much used formerly, was constructed by J. G. C. N6 brenberg (1787-1862); he 
demonstrated his apparatus at a scientific congress at Karlsruhe in 1858. 
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with one another, the light polarized by the polarizer is only partialhf 
reflected at the analyser. According to Malus, the following law holds: 

The infemity of the light emerging from the analyser is proportional 
to the bqiiaic of the cosine of the angle between the polarizer and the 
analyser. 

If the intensity when the polarizer and the analyser are parallel 
is I and the angle b(‘tween the polarizer and the analyser is (f), th(‘ 
intensity of th(' bght leaving the analyser, is given by i = I co8-(f>. 

The pyramidal analyser shown in fig. 11 splits up the polarized 
light into two (‘omponents, vhose amplitudes may be determined 
by the parall(‘Iogram law' (Vol. II, ]). 221; see also fig. 30 on p. 243 oi 
the present volume) Hence the intensities of the two components 



Fig. iz — Variation of the intensity of the icflccted light with the angle of 
miidcnct lor light of \anous Kinclb 


w'hich are measured by the energy of the radiation and are propor¬ 
tional to the squares of the amplitudes (Vol. II, p. 221), are proportional 
to the squares of the cosine and of the sine of that angle through which 
the analyser has been rotated from its initial position, which corre¬ 
sponds to the maximum of reflection. Hence the sum of the intensities 
of the light reflected from two adjacent faces of the pyramid has always 
the same constant value. 

The exact formulae for the intensity and degree of polarization 
of the reflected ray in terms of the refractive index and the angle 
of incidence were given by Fresnel. Fig. 12 illustrates the relation- 
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«hips for transparent reflecting substances with refrac tive indices 1-5 
-tind 2. The curves I,, are for light polarized in ihe plane of 
incidence,* the curves for light polarized at right angles to the 
])]ane of incidence, and the curves Iq for ordinary unpolarized light. 

2. Polarization by Refraction. 

Polarization of light may arise from several other processes besides 
reflection. 

If a parallel pencil of ordinary light is allowed lo fall at the 
polarizing angle of 55° on a glass plate whose rear face is not 
blackened, part of the light is reflected in the manner described 
above; another portion of the light, however, passes through th(‘ 
glass plate aftcir being twice refracted. This porticni, as we may 
observe by means of an analyser, is also polarized. The portion of 
light passing through the glass plate, however, differs from 1he 
r(fleeted portion in two res])e(’ts: 

(1) The polarization is not rowplefe; on passing through the 
unalyser the light is not eniirdif extinguished in any direction, only 
a trifling fluctuation of intensity being observed when the* analyser 
is rotated. 

(2) The plane of polarization of the transmitted light is at right 
angles to that of the reflected light; in the very position of the arralyscu* 
in which the reflected ray is extinguished, the transmitted ray exhibits 
its maximum intensity, while in the position of the analyser in which 
the reflected ray exhibits its maximum intensity the transmitted ray 
exhibits its minimum intensit}^ 

The polarization of light wfiich occurs on refraction is exjjlained 
by the fact that the light reflected at the boundary surfac^e is polarized 
in the plane of incidence (that is, the electric vibrations are at right 
angles to the plane of incidence). Seeing that in ordinary light no plane 
of vibration occupies a special position, the remainder of the light, 
which is refracted into the transparent body, must be minus those 
vibrations which are present in the reflected light. The polarization 
associated with refraction is accordingly a sort of residual effect. 

To obtain more complete polarization of tbo transmitted light, the light 
passing through one glass plate is made to pass through a second plate parallel 
to the first, through a third plate, and even more. A layer of glass consisting 
of about twenty flat pieces of plate glass with only thin spaces between them 
will polarize the light transmitted by it almost completely, provided the pencil 
of light rays is incident at the polarizing angle of 55°. »Such a combination of 
a large number of pieces of plate glass to form a single instrument is called a 
pile of plates. This may be used either as a polarizer or as an analyser. 

Fig. 13 shows how a pencil of rays L behaves on falling on a pile of plates 

♦That is to say, the electric vector is vibrating at right angles to the plane of 
incidence. 
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at the polarizing angle of 55°, It is split ap into the reflected part M and the 
refracted part N, which leaves the pile of plates in a direction parallel to L. In 
the ray M, which is polarized by reflection, the electric vector vibrates at right 
angles to the plane of incidence. (The plane of incidence coincides with the plane 
of the paper; the points marked on the ray M are intended to indicate that the 
electric vector is at right angles to the plane of the paper.) The transmitted 
ray N polarized by a pile of plates, and the reflected ray, are polarized in directions 
at right angles; the direction of vibration of the electric vector lies in the plane 
of incidence. (The short cross dashes on the ray N are intended to indicate that 
the electric vector is in the plane of the ligure.) The ray M polarized by reflection 
is reflected to a small extent towards R by the second pile of plates Aj, which 
acts «ss an analyser; the rest of the energy of this ray (85 per cent) enters the 
glass. The ray N polarized by refraction passes through the pile of plates A 2 , 
which acts as an analyser, in the direction B ’without any reflection, provided 
the pile of plates P is so thick that the ray N may bo regarded as completely 
polarized. 



Fig 13 —The letiec ted ra> and the trans¬ 
mitted ray are polarized in directions at 
right angles to one another 


Fig. 14 —In rcftecuon at the 
polarizing angle the reflected 
ray and the refracted ravau at 
right angles to one another 


Brewster’s Law. —The peculiar fact that polarization by reflection 
(and also by refraction) takes place most completely at a perfectly 
definite angle (55^ for glass) varying for different substances makes 
it natural to suppose that there is a simple relationship between the 
refractive index of a substance and its polarizing angle. The relation¬ 
ship was discovered experimentally in 1813 by Brewster (see p. 187), 
who also found a theoretical basis for it. Brewster’s law is as 
follows: 

The 'polarizing angle is determined by the fad that the refracted and 
reflected parts of the incident ray are at right angles to one another. 

Then if the ray of light L (fig. 14) falls at the polarizing angle a 
on the boundary SS of the refracting substance of refractive index 
p!Ip, the reflected ray CR must be at right angles to the refracted 
ray. If this is the case the polarizing angle a and the angle of refraction 
a corresponding to it are connected by two equations, namely, (1) 
the law of refraction /x sin a = ft'sin a' and (2) the relationship 
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a + a' = 90"^, whicli is obvious from the figure. Prom these two 
equations it follows that 


Bina = ^ siii(90'' — a) = — cos a, 

fX fX 

whence tana = —. 

P* 

Determination of the Constituents of the Light-vector. —In order to 
settle the question in which plane the electric vector vibrates and 
in which the magnetic vector, Klemencic * placed a pile of plates 
consisting of a nimilxT of thick glass plates in tin', path of electric^ 
waves in such a way that the electric waves fell on the pile of plates 
at the polarizing angle. When he investigated the intensity of the 
transmitted rays as he rotated the pile of plates about the incident 
ray, he found that fhe intensity of the rays is greatly weakened 
when the electric vector is at right angles to the plane of incidence 
of the electric waves, while the electric waves pass through the pile 
of plates with almost undiminished intensity when the electric vector 
is jiarallel to the plane of incidence. From this follows the result which 
we assumed in advance on p. 226: 

In li^ght rays polarized by reflection tJie electric vector vibrates at right 
angles to the plane of incidence; in the transmitted polarized light the 
electric vector vibrates parallel to the plane of incidence to the extent cor- 
'iesponding to the reflected intensity. 

For the detection of the polarization of light rays by metal gratings 
see Vol. Ill, pp. 643-644. 

The above remarks on polarization by reflection and refraction hold 
good for transparent substances only, i.e. for regions of wave-length where there 
is no marked absorption. 

3. Polarization associated with Diffraction. The Tyndall 
Effect. 

Even Araoo noticed the fact that light is partially polarized on 
diffraction. For example, polarized light di&acted by a grating in 
general has its plane of polarization altered. As DU Bois and Rubens 
established by means of wire gratings (1904), rays whose electric 
vector is vibrating parallel to the wires are more markedly weakened 
than rays whose electric vector is vibrating at right angles to the plane 
of the grating (Vol. Ill, p. 644). The analogous experiments of Hertz 
were Idcewise discussed on p. 638 of Vol. III. For these long waves 
the transparency or opacity of the grating is actually perfect. 

* J. Klbmenoio (1653-1901), Professor of Physics at Graz and Innsbruok. 
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The polarization phenomena observed in connexion with the 
scattering of light are a mixture of polarization by reflection and polari¬ 
zation by difcaction. 

If light passes through a tiu*bid medium (diluted milk, an alcoholic 
solution of mastic diluted with water, a smoke of fine particles, &(*.), 
the light is diffracted sideways and scattered, so that the path of the 
rays may becoiiK' visible (the so-called Tyndall * effect). Lord Ray- 
LEKiH f has shown (1871, 1899) that I, the intensity of the scattered 
light, is inversely proportional to the fourth power of the wave-length i\, 
provided the scattering particles are small compared to A: 



If the originally incident light is white, the scattered light will accor¬ 
dingly contain much more blue than red; that is, the scattered light 
will appear bluish and the transmitted light reddish. 

It has been found that all substances, no matter how carefully 
purified, are ‘‘ turbid this is to be ascribed to the molecular structure 
of matter. Under certain circumstances the wave-length of the incident 
light is slightly altered in the scatt(uing process (the Raman effect). 
For further details see VoL V. 

The light diffracted by a turbid medium is polarized. Thus if a 
small quantity e.g. of an alcoholic solution of mastic is shaken into 
a long glass trough filled with water and a parallel pencil of bright white 
light is sent through the trough, the turbid mixture shines with a 
blu(‘ light in a direction at right angles to the path of the rays. 

If the scattered light is observed by means of an analyser, we find 
that if we look in a direction at right angles to the ray of light the 
scattered light is almost completely polarized in the plane ])assing 
through the ray and the line of observation. In turbid media con¬ 
taining insulating particles the maximum polarization occurs in this 
direction, i.e. at an angle of 90"^ to the ray, but in turbid media con¬ 
taining metallic particles (Ag, Au, Pt) it occiu’s at an angle of 110"^- 
120'' to the ray (Ehrexhaft). 

* John Tykdall (1S20-93), studied from 1848-50 at Marburg (under Bunsen) and 
in 1861 at Berlin (under Magnus); from 1863 onwards he was Professor of Physics at 
the Royal Institution and at the School of Mines in London as the successor of INIictTAnL 
Faeaday. He was celebrated in his day on account of his brilliant skill as an experi¬ 
menter and his fascinatingly written popular works upon various physical subjects; 
he was also a prominent supporter of mountaineering sport in the Alps. 

f John Willum Strutt, third Babon Rayleigh (1842-1919), Cavendish Pro¬ 
fessor of Experimental Physics in the University of Cambridge from 1879 to 1884, 
and Professor of Natural Philosophy at the Royal Institution of Great Britain from 
1887 to 1905. 
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4. Double Refraction.* 


Iceland spar (calcite, calcspar) is a coloiuless transparent substance 
crystallizing in the hexagonal (rhombohedral) system; chemically 
it consists of CaCOg, and particularly fine specimens are found in 
Iceland (hence the name Iceland spar). The most common form of 
crystal is shown in fig. 15. If a piece of Iceland spar of any shape 
is struck with a hammer, it exhibits a remaikable tendency to cleave 
obliquely in three definite directions, the fragment>s formed by cleavage 
being rhombohedra. 



Fig. 15.—ordinaly crystal 
of Iceland spar with inscribed 
rhombohedron 




r j ^ t 6 —The ihombohcd- 
ron IS the hemihedral form of 
the SIX- sided pyranud 


III lig. 15 a rhombohedron produced by cleavage is drawn in the correct 
position relative to the natural crystal. The rhombohedron is bounded by six 
laces, each of which is a rhombus with an angle of 102^^, and each of which is 
inclined to the next at an angle of 105° 6'. At two opposite corners of the rhom¬ 
bohedron all the angles of the faces meeting there are obtuse, while at the other 
six corners there are always one obtuse angle and two acute angles. Fig. JO 
shows how a rhombohedron of Iceland spar may be regarded as a hemihedral 
form of a six-sided double pyramid. 


The line joining the two blunt comers coincides with the principal 
crystallographic axis of the Iceland spar, which is also the optic axis, 
or line along which the crystal is singly refracting (p. 238). Every 
plane passing through the principal axis is called a principal section. 

If we lay a rhombohedron of Iceland spar on a printed page wo 
see the type double (fig. 17). 

* Double refraction was discovered in 1669 by the Dane Eba&mi^s Babtholintjs 
►(1626-98), who was a mathematician, a doctor, and a lawyer; it was investigated in 
Uetail by Huygens. 
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If a rhombohedron of Iceland spar is brought into the path of a 
narrow pencil of parallel rays (L in %. 18) in such a way that the 
latter falls perpendicularly on the front surface of the rhombohedron 
at L the light leaving the Iceland spar is split up into two parallel 
pencils. One of these pencils (0) goes through the Iceland spar with¬ 
out refraction, while the other (E), in spite of the normal incidence of 
the original pencil, is deviated on entering the Iceland spar, and is 
deviated to the same extent in the opposite direction on leaving it, 
so 1 hat the two separate pencils leave the Iceland spar parallel. The 
first pencil (0), which behaves like any pencil falling normally on a 
plate of glass bounded by parallel planes, i.e. obeys the ordinary laws 
of refraction, is called the ordinary ray; the second pencil (E), which 



owing to its double deviation is displaced sideways relative to its 
original position, is called the extraordinary ray. If a rhombohedron 
of IcfLmd spar is rotated about the normally incident ray LI, the 
ordinary ray remains in the saim^ position, while the extraordinary 
ray rotates in a circle about the ordinary ray. 

The refraction and displacement of the extraordinary ray in Ice¬ 
land spar alw^ays take place in the plane of the principal section, and 
in such a way that the extraordinary ray makes a greater angle with 
the optic axis than the ordinary ray does. Hence, on emerging from 
the rhombohedron, the extraordinary ray is farther from the blunt 
corner of the rhombohedron than the ordinary ray is. The angle between 
the ordinary ray and the extraordinary ray in Iceland spar is always 
the same when the light is incident normally. Hence the thicker the 
rhombohedron, the greater the distance between the ordinary ray 
and the extraordinary ray. The intensities of the two pencils leaving 
the Iceland spar are exactly the same. 

If we investigate the two pencils with an analyser, we find that 
the two rays are completely polarized in directions at right angles to 
one another. 

The plane of polarization of the ordinary ray coincides with the prin¬ 
cipal section^ that of the extraordinary ray being at right angles to the 
principal section. 
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The arrows drawn across 0 and E (fig. 18) are meant to indicate 
the directions in which the electric vector is vibrating in the two rays. 

The ordinary ray is said to be polarized in the principal section, the 
extraordinary ray at right angles to the principal section. 

If the two pencils are made to pass through an analyser, and the 
latter is rotated, the brightness of the two rays varies in the same 
way as the brightness of the triangular spots did in the exp(irinient 
with the pyramidal analyser (fig. 11, p. 226). , ^ 

If the two pencils are mad(' to pass through a second rhombo- 
hedron of Iceland spnr the same as the first, no further splitting-up 
takes place, provided the prin(‘i])al axes of the two rhombohedra are 



Fiff. r9r~No double refraction takes Ju the direction of the short diagonal of 
the ihoinbohedron. 

parallel. If the second rhombohedron is rotated through 180° relative 
to the first about the ordinary ray, the displacement of the extra¬ 
ordinary ray in the second rhombohedron is in the opposite direction 
to that in the first, and the two rays emerge recombined from the 
second piece of Iceland spar as ordinary xmpolarized light. If the 
second rhombohedron is rotated through 90° about the incident ray, 
the extraordinary ray of the first rhombohedron passes through the 
second rhombohedron as the ordinary ray and the ordinary ray of 
the first rhombohedron as the extraordinary ray. 

If a parallel pencil of rays falls obliquely on the front surface of 
the rhombohedron of Iceland spar, the pencil is likewise split up 
into two parts, but both pai*ts are now refracted. The refractive index 
for the two rays may be determined from the angles of incidence and 
refraction. The following results are obtained. 

For every angle of incidence the refractive index for the ordinary 
my is 1*65 (for the D line 589 mja). The refractive in^x for the extra¬ 
ordinary ray, on the other hand, alters with the angk of incidence, varying 
between and L65. 

The refractive index for the extraordinary ray has its maximum 
value (1*65) when this ray traverses the Iceland spar parallel to its 
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principal axis, and its minimum (1*48) when it traverses the Iceland 
spar in a direction at right angles to the optic axis. 

If we cut off the blunt corners of a rhombohedron of Iceland spar 
in such a way that the boundary planes arc at right angles to the 
optic axis (fig. 19), a ray falling normally on this plate, i.e. along the 
o})tic axis, is not split uy). 

Wave Surfaces in Doubly-refracting Crystals.—As the refra(3tive index fur 
the ordinary ray has a constant value (1*65) independent of the angle of incidence, 
we may assume that the ’velocity of Light for the ordinary ray is the same in 
all directions, since the refractive index is given by the ratio of the wave 
velocities of light in air and in the refracting substance. 

As, on the other hand, the refractive index for the extraordinary ray varies 
with the angle of incidence, the wave velocity of light for the extraordinary 

ray must vary in different direc¬ 
tions. It is a minimuni in the 
direction of the optic axis and a 
maximum in a plane at right 
angles to this axis. Within this 
plane, however, the velocity of 
propagation of light is tlie same 
in all directions. 

Following Fresnel's method 
(1821), wo may tlirow light on this 
behaviour by means of the follow¬ 
ing conception. In the interior of 
a large piece of Iceland sjjar we 
imagine a single point acting as 
the centre or source of an optical 
W’ave system. The light waves 
are ])ropa gated in two Avays from 
this point as centre. The part 
associated with the ordinary ray, 
for wliich the velocity of pro¬ 
pagation is the same in all directions, after a very brief interval of time, say 
10“** second, has traversed the same distance in all directions; it has therefore 
reached the surface of a sphere with its centre at the source of the light waves. 
The second part, corresponding to the extraordinary ray, has different velocities 
in different directions. In the direction of the optic axis the velocity of the extra¬ 
ordinary ray is the same as that of the ordinary ray. In the direction at right 
angles to this, however, the velocity of the extraordinary ray is greater in the 
ratio of T65 to 1*48, as in this direction the refractive index is only 1-48. Cor¬ 
responding calculations for other directions, based on the values of the refractive 
index for the extraordinary ray, show that the extraordinary ray reaches the 
surface of an ellipsoid of revolution which is shortened along the optic axis. 
Its axis of revolution coincides with the principal axis of the Iceland spar. The 
resulting eombination of a sphere and an ellipsoid of revolution is called Fresnel's 
wave surface; in fig. 20 it is shown in its correct position relative to a rhombo¬ 
hedron of Iceland spar. The upper part (a hemisphere) represents the wave 
surface for the ordinary ray, the lower part (half of an ellipsoid of revolution) 
represents the wave surface for the extraordinary ray. We have to imagine both 
halves completed, so that the ellipsoid of revolution completely encloses the sphere. 

Application of Huygens’ Principle.—Let ZZ (fig. 21) be the plane boundary 
surface of a piece of Iceland spar. Let the space above ZZ be occupied by air. 



Fi)?. 30.—Wave surfaces of the ordinary ray (upper 
})t*misphcrc) and the extraordinary ray (lower hemi- 
eJlipsoid) in Iceland spar 
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the bpace below ZZ by Iceland spar. A pencil of parallel rays travelling through 
the air and incident on the plato of Iceland spar in the direction I meets the 
boundary surfaco at A at a time when the remoter part of the pencil of ray-^ 





Ttff. 7i»—The dimtions of the orditviry ray and tlu cxtiaotd»n ray 
utording to Huygens.’ principle 


L still at B, i.e. has not yet icachcd the surfate. A hot onus the c(‘Titi< ot hso 
elementary* waves, which traverse the leeiand sjiar with differing velocities, 
one of them, eoiTPspoiuling to tlu^ oidinary ray, spreading out splierieally', and 
the ntlicT ns an ellipsoid. Let the dotted line HIT lepn^sent thc' optic* axis ot 



Fig. 22 .—Doiible refraction of light incident on tiio surlace ot the crystal at right aneUs 

the iceliind spar. When the part, of the pencil of rays corresponding to the puiul 
B reaches the boundary surface at C, the W'ave surface associated witli the ordinary 
ray^ from A has spread out into a sphere, which is indicated in the figure by the 
dotted circle. The ratio of its radius to the distance BC, i.e. the ratio of the 
velocity^ of light along the ordinary ray in Iceland spar and the velocity of light 
along the incident ray in air, is 1 : 1*65. The wave-front corresponding to the 
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sphere is foimd by drawing CD, the tangent plane from C to the sphere. The 
direction of the ordinaiy ray, which is indicated by the arrow 0, is at right angles 
to CD. 

The elementary wave corresponding to the extraordinary ray from A is 
represented by the dotted ellipse, whoso major axis JJ is at right angles to HH, 
the optic axis of the Iceland spar. The wave-front corresponding to the extra¬ 
ordinary ray is found by dramng CF, the tangent plane from C to the ellipsoid 
of revolution. The direc tion of the extraordinary ray, which 
is indicated by the arrow E, is not at right angles to the I 

wave-front CF. In the case of the extraordinar>^ ray, there- ^ 

fore, it is necessary to distinguish between a ray velocity in 
tlie direction of Pi and a normal velocity at 
right/ angles to the wave surface CF. 

it follows from the figure that if the \ 

. * angle of incidence of the ray E is altered \ 

k j the refractive index for the ordinary ray \ \ 

A I remains unaltered, as the ratio AD : BG \ \ 

vA| remains the same. For the extraordinary \ i 

" \ ray, on the other hand, this ratio alters \ \ 

with the angle of incidence, as CP, the \\"\ 

'1^ I \ tangent to the ellipse, takes up a dilTcrcnt \ \ 

\ \ position for every value of the angle of /\m 

|\\ ' incidence. Hence it follows that the ratio 

j A \ AT : BC also vanes vith the angle of V/r 

j \ \ incidence. 3'hi.s ratio roaches its maximum ‘ V 

I \ \ value 1 : 1*48 when the point of contact \\ 

I \\ of the tangent lies in the direction AJ, i.e. ■ ■ \\ ^ 

I \\ when the ray travels through the Iceland \ ^ 

I \\ spar at right angles to the optic axis. In \ 

‘ ^ angle between the directions 

y- '* of the rays 0 and E is a maximum. 

If the extraordinary ray travels through 
Vig. ^ I — -Nicol’s Iceland spar parallel to the optic axis, ^ 

prjsm AF assumes its least possible value, i.e. 

the refractive index for the extraordinary 
ray then reaches it-s greatest possible value, namely, that 
for the ordinary ray. A ray ot light Avhich traverses the 
Iceland spar in the direction of the optic axis is not split up. 

Some interest attaches to the particular case where the 
incident pencil of light falls normally on the surface of 24. — paths of the 
the Iceland spar, as in fig. 22. Let lA, I'A' represent the rays in the Nicd prism 
boundaries of the pencil incident normally along L on the 
boundary surface. From A and A' the elementary waves spread out simultaneously 
in all directions. The two wave surfaces are drawn round A and A'. DD', the 


Fig. 24. — Paths of the 
rays in the Nicd prism 


common tangent plane of the spheres, is the wave-front for the ordinary ray, 
vhich advances parallel to AO. The wave-front for the extraordinary ray is 
determined by FF', the common tangent piano of all the ellipsoids. This fixes 
tlie direction of the extraordinary ray, which is parallel to AE. 

This figure brings out veiy clearly why the direction of the extraordinary 
ray AE is no longer at right angles to the wave-front. This is why the extra¬ 
ordinary ray does not obey the law of refraction, which was deduced from 
Huygens’ principle on p. 249 of Vol. II on the assumption that the direction 
of the ray is at right angles to the wave-front. 

Nicol’s Prism.—The two rays which emerge from a piece of Iceland spar 
in vhich one ray of ordinary light has been split up are completely polarized in 
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directions at right angles to one another. If it were possible so to sc^pnrate the 
ordinary ray and the extraordinary raj^ in space that the rays could be worked 
w ith separately, Iceland spar w^onld be particularly suitable lor use as a polarizer. 

The rays can be coinplotely separat-ed by an artifice used by W. Xicol * in 
]841. The ends of a iongish rhombohedron of Iceland spar produced by cleavage 
aie ground away (as shown by dotted lines in fig. 23) until they make an angle 
ot only (instead of 71° as in the crystal obtained by cleavage) with the lon¬ 
gitudinal edges. Tlie piece of Iceland spar so treated is then cut tbrouah diair< aid lly 
by a plane at right angles to the new end surfaces and at right angles to the 
principal axis, which crosses tiie Iceland spar diagonally. After the diagonal 
surfaces are ground flat and polished, they are cemented together by a thin la\ er 
of Canada balsam so as to occupy exactly the positions wdiich they occupied 
previously. 

Kig. 24 shouts a diagonal principal section through the Nicol prism. It a 
jieneil of rays L falls on the artificial end surface AB in a direction par.dlel to 
the uiinltcrcd longitudinal edges, the pencil is refracted and split uji into an 
ordinary ray and an extraordinary ray, the ordinary ra\ being moie strongly 
refracted than tlie extraordinary ray. The refraetne index of Canada balsam 
IS l(ss tlian that ot Iceland spar. Hence total refi(‘(tion can occur at the layer 
ol C.mada balsam, provided the light isiiK idiuit at an angleexeeeding the (iitieal 
angle for total retleotioii. Now the angles are so calculated that tlu‘ ordinary 
i<iy falls on the Canada balsam at F at an angle exceeding the critical angle 
ior total refieetion and as a rt'Siilt is refiecti'd to one side out ot th(‘ prism, in 
the direction of O. The angle of incidence of the extraordinary ray is i{‘ss tlian 
the eriti(‘al angle for total reflection; hence it passes tlirough the layer ot Canada 
balsam at I and finally leaves the Nicol prism lu the same dircf lion (I'-) .i^' it met 
it, with a trifling lateral displacement. 4'h(' Nicol prism is the most perfect form 
ot polarizer, as apart from this trifling lateral dHplacHUuent and the desired 
polarization the light is not altered in any disadvantageous way (e.c. its cohmr 
is unaffected). The intensity of the polarized light is of course less than that 
of the incident light, as the other polarized portion of the light lias been lemoved 
and the light is also weakencxl by reflection at the boundary surfiiccs. 

Polarization by Tourmaline Plates.—When an ordinary non- 
jiolarized ray of light traverses a homogeneous isotropic medium, 
there is nothing to cause the light to have any tendency to xdbrate 
ill any one direction rather than in another. Hence in this case there 
is no polarization of the light, nor is there any when the liuht falls 
vertically on the boundary surface of two transparent media. The 
circumstances are different, however, wlien a ray of light enters a 
crystal whose internal stnicture, like e.g. that of Iceland spar, differs 
in different directions. In fact, many minerals have the property 
of polarizing the light which they transmit. This phenomenon ts 
exhibited in a striking way by tourmaline, which crystallizes in the 
hexagonal (rhombohedral) system, and whose permanent electrical 
polarization we have already mentioned in Vol. Ill (p. 95). 

If a thin plate bounded by parallel planes is cut from a brown 
or green crystal of tourmaline, the parallel planes being parallel to 
the principal crystallographic axis (i.e. parallel to the plane of the 
paper in fig. 118 (Vol. Ill, p. 95)) and the plate being of such a thick- 
* W, Nicol (1768-1851), a lecturer on physics in Edinburgh. 
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ness that the transmitted light is coloured, it is found that light inci¬ 
dent normally on the tourmaline plate is polarized. If we lay two 
tourmaline crystals one on top of the other so that the axes XX of the 



crystals are parallel (fig. 25), the light jiasses through both plates 
If, however, we turn one of the tourmaline plates relativi' to the 
other, the intensity of the light steadily dimiuish(\s; when the axes are 
at imht anizlos (crossed tourmalines, fig. 26) no light is transmitted 



lorceps 

Two tourmalmo plates are usually combined to form a polarizer in the 
way shown in fig. 27. The tourmahne plates are mounted in circular rings which 
may be rotated relative to one another and may be pressed together by means 
of a spring of bent wire, so that a substance under investigation can be held 
tightly between the two tourmaline plates. This typo of polarizer is called a 
tourmaline forceps. 
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NoU ,—In a polarizing aj^paratus any two of the following may be combined 
in any way; reflecting polarize]*, pile of plates, Nieol prism, and tourmaline plate, 
'll lore is no essential difference between polarizer and analyser. In general the 
])art of the apparatus on which ordinary non-polarized light falls and in which 
it IS polarized is called the polarizer, and the part by which the polarized light is 
obser\'(*d is called the analyser. 

The polarizing effect of the tourmaline plate is due to the fact that, liki* 
I<‘(‘land spar, it splits the. light into an ordinary ray and an extraordinary ra^. 
bh en ill quite small thicknesses, however, tourmaline absorbs the tordinary ra^ 
eompletely, so that the extraordinary ray—of course much enfeebled -aloiu* 
leaves the plate. Tlio property of absorbing the ordinary ray and the* extni- 
ordiimry ray to dilh'rent extents is calltMi dicliroism,’*^ as owing to tlie differing 
absorption of the crystal for different directions of vibration of the transmitted 
light (and also, as a rule, for diff(Tent wave-lengths) the crystal if sufficient!} 
thin <q)pears to vary in colour w4ien looked at in different directions. 

Uniaxial and Biaxial Crystals. —It is only crystals of the regular system and 
ani(»rphous substances that are singly refracting. All crystals in which im) of 
the er^ slailograpliic axes are different, i.e. 'which crystallize in the t(‘tragunal 
or lje\agonal system, behave like lc(4and spar. If the ellipsoid of revolution 
of the Rresncl wave surface is elongated in the du'cction of the optic axis, the 
erx'stal is said to be positive, while a CT}staI which behaves like Iceland spar is 
said to bo negative. 

\on-cubic crystals which do not crystallize either in the tetragonal or in the 
hex<igonal system, i.e. which have three diffcTcnt erystallographio axes, likewise^ 
exhibit double refraction, but the wa,\ e surface n^piCMUiting the double refraction 
is of the form shown in fig. 28. In these crystals the velocity of }>ropagation of 
the light is the same for the two polarized components of the light in two definite 
din'iliuiis. TliCNC two directions of equal velocity of propagation are called optic 
axes and the crystal is said to be biaxial. By optic axe.s w^e mean the directioas 
of equal normal velocities, which wq obtain for the normal surface by the same 
eon'^triK'tiua as that carried out on p. 237 for the wave surface. 

5. Interference of Polarized Light. 

Tf. as with Iceland »spar, a pencil of light rays is split up into tw^o 
]iencils polarized in directions at right angles to one another, the 
('i vstai plate prodiu'es a difierence of phase between them, owing 
1 o th(‘. diflerenco in the rate of propagation of light in the two pencils. 
By making the plate of Iceland spar of a suitable thickness, it is 
possible to arrange that the ordinary ray is half a wave-length in 
advam (‘ of the extraordinary ray on leaving the crystal. Nevertheless, 
interh‘renc(‘ bands or interference rings resembling diffraction pheno¬ 
mena or Newton’s rings are never exhibited. 

It follows that two rays of light ^polarized in direc¬ 
tions at right angles to one another do not inter¬ 
fere, and can cross one another without disturbance. 

Fresnel and Arago had established that two rays polarized at 
right angles to one another will not interfere imder any circumstances, 
Thomas Young (1817) was the first to draw the conclusion that the 
vibrations of light must be transverse. Two rays of light polarized 

♦ Gr., dichroos, tw'o-coloured. 
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in directions at right angles to one another vibrate in two planes 
at right angles to one another; the vibrations are then entirely 
independent of each other and cannot interfere. If, however, the two 
components are brought into the same plane after passing through 
the Iceland spar, interference phenomena will arise. Such phenomena 
occur, e.g. if a thin plate of gypsum is inserted between 1 he polarizer 
and the analyser. 

A parallel pencil of monochromatic light (p. 4) is allowed to 
pass through a polarizer and an analyser in such a way that the light 
IS extinguished; that is, the polarizer and the analyser are crossed 
(p. 227). If we bring a thin plate of gypsum into the space between 
the polarizer and the analyser, light will as a rule pass through. If 
A\e rotate the plate of gypsum, we obtain maximum intensity in a 
definite position. If we then rotate the analyser, the fiehl of view is 
darkened again. 



Fig 29 Model to illustrate the action of a thin pi itc ol gjpsum 


The phenomena may bo illustrated by the model shown in fig. 29. Two 
rectangular glass plates are set ujj vertically on a board; they represent the 
front and back surfaces of the plate of g 3 ''psum, so that the distance between 
them represents the thickness of the g\^psum. On each plate a set of axes is 
drawn passing through the centre of the plate. Let the vertical axis represent 
the piano of vibration of the first ray and the horizontal axis that of the second 
ray into which the plate of gypsum would split up a ray of light entering it at 
right angles to the boundary surface. A bar whose three parts can be rotated 
relative to one another passes through holes in the two glass plates. The incident 
light is polarized by a polarizer on the left of both glass plates (not shown in the 
figure) in such a way that the plane of vibration meets the axis on the left-hand 
plate at an angle of 45° at the origin. 

The polari^ ray is split up into two components (Vol. 11, p. 221) whose 
amplitudes may be constructed by the parallelogram law as in fig, 30. The 
resolution is shown in the model on the circular discs at the centre of the two 
glass plates. The components have the same amplitude provided that, as wo 
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have assumed, the plane of vibration of the incident light makes an angle of 
45° with the planes of vibration in the plate of gypsum. For (4 her angles the 
amplitude of the component is given by a sin 9 for the first ray O and by a cos 9 
for th(3 second ray E, whore a denotes the amplitude of the incident ray and 
rp the angle at which P, the plane of vibration of the incident light, is inclined 
to E, the plane of vibration of the second ray. 

The two velocities of propagation, i.e. the wave-lengths of the two com¬ 
ponents, are different in the gyjwum. In the model (fig. 29) it is assumed that 
the first ray covers 2i wave-lengths within the gypsum and the second ray 3 
wave-lengths. The phase difference of the two rays is then half a wave¬ 
length (half-wave plate) . In carder to take account of the difference of phase, the 
amplitude a sin 9 has been given the opposite sign in figs. 31 and 32, which refer 
to the rays emerging from the plate of gypsum, to what it has in fig. 30. 



30,—Kcsoluiion of 
the auiphtude a into two 
com pon oats 


Fig 31 —The compo- 
neius rc solved aM‘Un by 
the anahscr 


Fig. 32. — The components re¬ 
solved .(gam, the analyser being 
turned through 90"^ 


W hen the ray, coiibLstinu: ol the two components, l(‘ave^ the gvpsum, nothing 
particrdar is to be observed, as the tvo components are polarized at right angles 
to one another, ff the ray then passes tiirough an analyser (fig. 31) whose 
jilane of vibration coincides with that of the polarizer, each component is separ- 
attdy split up into tAvo new" components by the analyser, and of these only those 
\ ibrating in the original plane, with the amplitudes acos^9 and a sin“9, can pass 
through, the two other components being absorbed in the analyser. The two 
transmitted components, however, have a phase difference of half a wave-length 
(by fig. 31 they are in opposite directions) and if the amplitudes are equal (9 -- 45") 
they completely cancel one another. 

If we then turn the analyser through 90° the two other components, with 
the amplitudes u cos 9 sin 9 and a sin 9 cos 9 (fig. 32), whose planes of vibration 
are at right angles to those just described, can alone pass through the analyser; 
and as these do not differ in phase (in fig. 32 they arc in the same direction), 
their effects are additive, i.e. when 9 = 45° the light leaves the analyser with the 
amplitude 2a sin 9 cos 9 — a sin2 9 — a sin90° — a, i.e. with the intensity it would 
have if it passed through parallel polarizer and analyser and no gypsum. The 
difference in phase due to the gypsum has the effect that for 9 = 45° the light 
passes through without diminution when the polarizer and analyser are crossed, 
i.e. in the position where there would be complete darkness if there were no gypsum 
present. 

Tkis effect of gypsum is uot fully exhibited imless the tliickuess of 
the gypsum is so adjusted that the difference of phase is exactly half 
a wave-length or an odd multiple of half a wave-length. If, on the 
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other hand, the thickness of the gypsuin corresponds to exactly a 
wavedengtb or an integral number of wave-lengths, i.e. an even 
multiple of half a wave-length, the light goes through when the polarizer 
and analyser are parallel just as if the gypsum were not there, and when 
the polarizer and analyser arc crossed the light is extinguished just as 
if the gyj^sum were not there. 

Colour Phenomena with Polarized Light. —If instead of mono- 
chj*omati(*. light W(‘ allow white light to fall on the p)olariscope and 
the gypsum, the phase difference is an odd multiple of half a wave¬ 
length for certain definite colours and an even multiple for certain 
other colours, the ooloiu'S depending on the thickness of the gypsuin. 
Thus vhen the j)olarizer and the analyser arc crossed, a perfectly 
definite portion of the light, e.g. the green rays, goes through unhindered; 
on the other hand, rays of slightly different wave-length are more or 
less enfeebled and part of the Light is more or less extinguished, some 
of it completely. The gypsum then appears to have the colour of the 
transmitted light, in our case green. 

If the analyser is then turned through 90^, those very parts which 
were transmitted before are now extinguished, \yhilc the parts which 
were previously extinguished are now transmitted: lienee the gypsum 
now appears to have the complementary (colour, in our case purplish- 
red. If tlie gypsum is rotated between the polarizer and analyser, 
the tint of its colour does not vary, but the intensity of its colour does, 
the depth of tlie eoloiu' becoming less, as the direction of vibration 
ill the gypsum no longer makes an angle of exactly 45"" with the direction 
of vibration in the polarizer and the analyser. 

If we rotate the analyser or the polarizer without moving the 
gypsum, the one colour gradually gives place to its complementary 
colour. 

If we vary the thickness of the gypsum the nature of the colour 
is changed. A plate of gypsum consisting of portions of differing thick- 
ncs8(‘s exhibits a great variety of colours between polarizer and analyser; 
hence by suitable arrangement of gypsum plates of different thicknesses 
it is possible to make beautifully coloured pictures (e.g. of butterflies). 

Any thin sheet of a doubly-refracting substance when placed 
between polarizer and analyser will behave in the same way as gypsum. 
The colour phenomena may of course be exhibited to a number of 
people at once by letting the light transmitted by the apparatus fall 
on a white screen. 

6. Convergent Polarized Light. Double Refraction arising 
from Strain. 

If the plate of gypsum between polarizer and analyser is rotated 
about an axis at right angles to the ray of light, the path of the rajr 
in the gypsum becomes longer the greater the angle through which. 
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tEe plate of gy})sum has been rotated out of its normal position. Hence 
it lollows that the rotation alters the phase difference within the gypsum, 
i.e. the colour of the light transmitted by it. 

The various rays of a convergent pencil of incident light, which 
siibsequently diverges from the front boundary surface of a plate of 
some doubly-refracting substance, traverse the plate at various angles, 
i.e. have paths ol varying l(‘ngth within the substance; hence the 
plate will not give rise to the same colour all over, but to rings varying 
more or l(\ss in coloui-. The simplest case arises when we bring a section 




I 3^ date of a uniaxia! crystal 
bvtwetn paralkl NicoU 

of a luiiaxial crystal, e.g, Iceland spar, cut at right angles to the optic 
axis, into the ])ath of a pencil of polarized light and investigate the 
transmitted light by means of an analyser. Here we obtain the ring 
!^yst(mi shown in fig. 33 when the polarizc^r and analyser are parallel 
and that shown in fig. 34 uheii the polarizer and anah^sor are cross(‘d, 
a t\liite or black cross being superposed on the rings. One limb of 
the cross coincides with the plane of polarization of the incident light, 
the other is at right angles to it. If the light used is monochromatic, 
the ring system consists of bright and dark rings; if it is not mono¬ 
chromatic, e.g. if white light is used, the rings are coloured, like 
ISdnvtoil’s rings. 

We base our explanation of the phenomena on the model shown in fig. 35. 
1'he drawing must be imagined as three-dimensional. Let the rectangle sur¬ 
rounding the figure represent the boundary of a vertical plane, e.g. a frame of 
four bars. The vertical bars ai’e crossed by the horizontal axis JDD, which at the 
same time represents the optic axis of a plate of Iceland sjiar ent at right angles 
t u the axis. The oblique parallelogram in the centre is to denote the front boundaiy 
surfac(‘ of the plate of Iceland spar; the Iceland spar is supposed to bo on the 
left, air on the right. In the plane indicated by the semicircle ]\1AJV1' let the polar¬ 
ized ray JC fall on the centre of the plate. Let the plane in w^hich the light is vibrat¬ 
ing be vertical; it is indicated by the small vertical arrow at I. Let the radius 
of the semicircle MAM" be such as to extend over two wave-lengths of the incident 
Imht; the semicircle represents the plane (oblique) section through a wave surface 
King in air; the plane of the semicircle is the plane of incidence, and CA is the 
.normal at the point of incidence. 




Fig. 34.—PUtc ol a uruaxKjl cnstal 
between crossed Nicols 
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On entering the Iceland spar at C the ray of light is doubly refracted, giving 
rise to the ordinary ray CO (for which the refractive index is 1 ‘ 66 ) and the extra- 
ordinaiy ray CE (for which the refractive index lies between 1-65 and 1*48). 
HBH' is a semicircle drawn in the plane of incidence, GBG' an ellipse; the two 
together form the section of the Fresnel wave surface by the plane of incidence. 
Of the two components the ordinary ray is polarized in the plane of incidence, 
i.e. vibrates in a plane at right angles to the plane of incidence, as shown by the 
arrow at 0 , while the extraordinary ray is polarized at right angles to the plane 

of incidence, i.c. its plane of vibration 



Fir. 35 —Model to explain the interference 
figuies produced b\ plates of umaMal crx'^tals 
between polan/er and anal\ser 


coincides with the plane of incidence, as 
indicated by the arrow at E. The magni¬ 
tude of the two curves representing the 
wave surface is again so chosen that the 
distance from centre to circumference 
represents two wave-lengths. 

The amplitudes of the two components 
depend on the angle made by the plane of 
vibration of tho incident ray with the 
plane of incidence. We now imagine 
the whole central portion of tho ligure 
gradually rotated about the axis DE, in 
order that the plane of incidence may 
occupy all possible positions; tho piano of 
vibration of the incident polarized rav, 
however, is always to remain verticMh 

(1) If the plane of incidence is vert u al, 
it couicides vmUi the plane of vibration 
of the incident ra\; hence the extra 


ordinary ra^V alone enters the Jci'land spar, 
while tho ordinary ray lias zero intensity. The incident ray accordingly goes 
through the plate of Iceland spar entire as tJie extraordinary ray, vibrating ith 
its full amplitude. For all rays polarized in a jilanc at right angles to the plane 
of incidence the plate of Iceland spar acconlingly behaves like a singly-refracting 
medium. 


(2) If the plane of incidence is horizontal, it is at right angles to the ])lane 
of vibration of the incident ray; hence tlio ordmaiy ray alone enters the l(*oland 
spar, and with its full intensity, while tho extraordinary ra^^ ha'=^ zero intcnsit\. 
Hence for all rays polarized in a plane parallel to the plane of incidence the plate 
of Iceland spar again behaves like a singly-refracting medium. 

Hence as there is no splitting-up into two components in the vertical and 
horizontal planes of incidence, in these planes tho hold of view is bright when 
the polarizer and tho analyser are parallel (giving the bright cross in fig. 33 ) 
and dark when the polarizer and analyser arc crossed {gi\ing the dark cross in 
fig. 34). 

(3) For every other plane of incidence the incident ray is broken up into 
two components; accorcling to the angle which they form with the axis, they 
acquire a different phase difference on passing through the plate of Iceland 
spar. When their planes of vibration are made the same again by means of the 
analyser, they interfere with one another as the components did in tho gypsum 
plate. Hence in every direction a definite colour is produced. All the rays 
which form the same angle with the axis, however, exhibit the same colour; 
since their components have the same phase difference, the colours are arranged 
in rings. The colours are deepest for those planes of incidence which form an 
angle of 45° with the planes of the polarizer and analyser, since for these planes 
of incidence the two components a sin 9 and a cos 9 have the same amplitude 
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ay/212, while the amplitudes differ the more the closer the planes of incidence 
approach the vertical or horizontal plane; in these dire<.*tion8 the colours accor- 
dijigly become steadily paler. 

The whole phenomenon is referred to as the rings and brushes 
produced by luiiaxial crystals. Biaxial crystals give rise to other figures 
of a similar nature, but we shall not give details here. 

Double Refraction of Isotropic Media arising from Strains. “D(juble re¬ 
fraction arises from the variation of the rate of propagation of light in different 
directions; this depends on the molecular structure of the substance, so that double 
refraction is always produced when the normal isotropic structure of a bo<h' 
is altered by external conditions. Glass plates become doubly refracting if the\' 
are subjected to jin^ssurt' on one side or cooled suddenly and irregularly after 
heating. If strc^si'd or rapidly cooled pieces of glass are placed between a polar¬ 
izer and an analyser, very curious figures are often seen, from the shape of which 
the internal stresses may be inferred (fig. 36, Plate XVI). Before being ground to 
form lenses and prisms optical glass is tested by a polariscope; if it is to be used 
for g(X)d quality instruments, it must not show any coloured bands or curves. 
Conversely, attempts have been made to gain information about interrud stresses 
by making a glass < >r cdiuh »id model of the body under investigation and examimiig 
it in ])olarized light under the conditions of stress to which the body is to be 
subjected (fig. 37, Plate X\l). 

Investigation of Rocks and Minerals. —^Tho polariscope is also used to in- 
^'estigat(‘ minerals and rocks. Kor this purpose a thin sc'ction of the substance 
is placed between the polarizer and the anabT^scr and examined by parallel or 
convergent light. From the n<iture of the double rrlraction it is often possible 
to draw accurate conclusions about the nature of the mineral or composition of 
t he rock. 

The Weigert Effect.- -If ordinary photographic })aj)cr w^hich has previously 
been allowed to darken in ordinary light is intensely illuminated by polarized 
light of a single colour (e.g. red), part of the paper takes on the colour in question; 
the light reflected from this region is polarized, as is found on examination by 
an analyser, the brightness being a maximum when the plane of polarization 
is thc‘ same as tliat of the incident light, and a minimum when the two planes 
are at right angles. Other photosensitive layers also exhibit this effect, so that 
in a certain sense it is pos^ifile to photograph the plane of polarization (Weigeet, 
1919). 

Haidinger’s Brushes. —With some practice polarized Hght may be detected 
as such by the eye dkectly. If one looks through a polarizer at a perfectly uni¬ 
formly illuminated surface, a peculiar figure, something like a dark yellowish 
circle with two bright bluish regions inside, is formed within the eye for a few 
moments (the so-called Haidin^er'a brushes *). 

7. Rotation of the Plane of Polarization (Optical Activity). 

The Rotation of the Plane of Polarization in Quartz. —Quartz, 
which crystallizes in the hexagonal system, behaves in a peculiar 
way in polarized light. If a quartz plate cut at right angles to the optic 
axis, i.e. at right angles to the principal crystallographic axis, is placed 
between the crossed polarizer and analyser of a polariscope, the field 
of view, which was previously dark, becomes bright; if white light 

* See p. 185. 
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is used the quartz plate ap})ears coloured. If the analyser is now rotatcMl, 
the colour of the quartz plate varies and at the same time the intensity 
of the light diminishes, without, however, reverting to zero. 

If monochromatic light is used there is merely an alternation of 
light and darkness. If a quartz plate is brought between a crossed 
polarizer and analyser, the field of view, originally dark, becomes 
bright; by suitable rotation of the analyser, however, complete dark¬ 
ness may again be obtained. The phenomena is explained by the assump¬ 
tion that the plane of polarization of the light is altered as the light passes 
through the quartz. As may be definitely established with thin quartz 
plates (up to about 3 mm. in thickness), there exist two kinds of 
quartz, which are mirror images of one another even in their crystal¬ 
line form, and rotate the plane of polarization of light in opposite 
directions. If the quartz rotates the plane of polarization to the right, 
it is said to be ‘‘ right-handed if it rotates the plane of polarization 
to the left, it is said to be “ left-handed Most of the quartz fomid 
in nature in the form of rock crystal is right-handed, whereas smoky 
quartz is usually left-handed. 

In monochromatic light the rotation required to extinguish the 
light varies with the wave-length. To produce darkness again, using 
a quartz plate 1 mm. thick, the analyser must be turned through an 
angle of 15° for red light, 21° for yellow, 27° for green, 33° for blue, 
and 51° for violet. The rotation ol the plane of polarization in quaitz 
accordingly differs for light of different colours, being least for the 
rays of longer wave-length and greatest for rays of shorter wave-length. 
The rotation depends also on the thickness of the plate of quartz. 
A plate 2 mm. thick rotates the plane of polarization through twice 
the angle that a plate 1 mm. thick does. 

The rotation of the plane of pul<irization is illustrated diagrammaticalJy 
in fig. 38, Let the light from the source L be polarized by the polarizer P in such 
a way that it vibrates in the direction of the arrow h (that is, the plane of polari¬ 
zation is the plane of the figure). Let the analyser A and the polarizer P be 
crossed. That is, let the analyser transmit only light vibrating in the direction 
of the arrow or. To the observer the field of view then appears dark. If a left- 
handed plate of quartz about 3 mm. thick is inserted at oex and red light is used, 
the analyser must be rotated until the arrow attached to it reaches the position 
r (through an angle of 45°) to make the field dark again. If violet light is used, 
the analyser must be rotated until the arrow reaches the position v (through an 
angle of 153°), 

The colouring of tbe quartz plate in white light follows immedi¬ 
ately from the variation of the rotation with the wave-length. If, 
for example, we insert a quartz plate 1 mm. thick between crossed 
polarizer and analyser and rotate the analyser through 15°. the red 
light is completely extinguished, while the other parts of the light 
are more or less enfeebled in transmission. The field of view will there¬ 
fore appear greenish-blue. If the analyser is "rotated through 21°, 



ROTATION OF PLANE OF POLARIZA riON 


2P) 


the yellow light is extinguished and the plate appears blue. If the 
analyser is rotated through 27^, the green light is extinguished and 
the field of view appears purplish-red, and so on. The quartz plate 
accordingly exhibits the following succession of colours: green, blue, 
red, orange, yellow. If the 
analyser is rotated still further, 
the colours recur in the same 
6uc('cssion. 

li we use a quartz plate 
several millimetres thick, the 
(‘olour of the plate appears to 
be less deep, as various parts 
of the spectrum then overla]) 
and give rise to rliil! mixluns 
of (olr»urs. such as aris(‘ in all intcrFreiUi* phenomena when the 
layer producing interference is made too thick. 

The angle through which the plane of polarization is rotated )>y a 
plate of a solid substance 1 mm. thick is called the rotation (a). The 
variation of the rotation for the xarious colours of the spectrum is 
referred to as rotatory dispersion (see the table at the end of the book, 
p. 282). 

Besides quartz there arc a large number of solid bodies, as well 
as pure liquids, which rotate^ the plane of polarization. The rotation 
is particularly large in the (‘use of liquid crystals (Vol. I, p. 335), where 
the value of a for the D line may reach 17,GOO""*. Solutioiis may also 
possess the power of rotating the plane of polarization. For further 
details see §9, p. 254. 

Rotation of the Plane of Polarization by Sugar Solution. — ^If a 

glass tube bounded at either end by parallel planes is filled with sugar 
solution and the tube is placed in the path of the polarized light so 
that the latter passes through the two end surfaces, the plane of 
polarization is rotated. The amount of the rotation is proportional 
to the length of the tube and the concentration of the sugar solution. 

The rotation of the plane of polarization by a sugar solution may bo ebunon- 
^trated very simply by leading a parallel pencil of polarized light through a glass 
t iibe about 1 m. long filled with a concentrated solution of sugar which has bc(‘ii 
made turbid by the addition of a minute trace of mastic solution. Here each 
()arliclc of mastic acts as an analyser, like the glass pyramid in fig. 11 (p. 22(>); 
as a result the glass tube appears to be traversed by a bright spiral line. If a 
thin plate of quartz is inserted where the light enters the glass tube, the spiral 
is dillerently coloured m different azimuths. 

The power which an optically active liquid or an optically active 
substance dissolved in an inactive liquid has of rotating the plane of 
polarization is measured by the specific rotation foe], which is defined 
U.3 follows: If q is the number of grammes of the substaxicc in 100 c .c. 


55 a 
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of solution, I the length of the tube of liquid in decimetres, and a tho 
observed angle of rotation, we have 

, 100a 

The specilic rotation of cdue sugar dissolved in water for sodium 
light (|ah>) is GG-5; that is, the angle (a,,) through which the plane of 
polarization is rotated by a column of liquid I dm. long containing c 
gni. of cane sugar per 100 c.c., is given by 

ajo 0-GG5^ X I X XJ. 

H('re again the rotation is ditYerent for diflerent parts of tlu^ spec 
truin. 

The lotation caused by a given length (/) of sugar solution may 
b«‘ used to measure the concentration of the solution, i.e. the num]>er 
of grammes of sugar (;:) contained in 100 c.c. of the solution. Fjom 
the «ibove formula it folhms that for sodium light 

2z-_ 

The Polarimeter. —This fact 1 *=^ made use of in the construction ol 
instillments known as polariwcfers or sacclfarimeters. These consKst 
essentially of a source of light, a polarizer, and an analyser provide<l 
with a graduated cinde, the last two being so arranged that a tnb<- 
eimtaining sugar solution may be inserted bet\\ecn them. 

Fi^. ,‘^2 is a diagrammatic sketch of a polarimeter duo to Mitscherlicu.* 
In this instrument accurate setting of the analyser is very uncertain, as it is 
difficult to judge when the field of view is completely dark. For this reason various 
additional devices have been introduced to enable a sharp adjustment to he 
made. Of these we shall mention the folloAving: 

fSoleii’st biquartz. This consists of a right-handed jilate of quartz and a 
left-handed plate of quartz 3*75 mm. thick, cemented together so as to exhibit 
a sharp line of demarcation. A plate of quartz 3*75 mm. thick rotates yellowish- 
green lif/ht through about 90*^; monochromatic sodium light is rotated through 
81-0 . Hence if the bitpiartz is inserted betw^een parallel Nicols as in fig. 40, 
the yellowish-green light is completely extinguished by the tw^o plates, and 
if tlie source of light is yellowish-green the field of view becomes comi)letely 
dark. If white fight is used, the whole field of view appears to have the comple¬ 
mentary colour, reddish-violet. If the analyser is now rotated through a verj" 
small angle, the field of view becomes bright if the source of light is yellowish- 
green; if w hite light is used, one half of the field of view appears distinctly reddish, 
the other definitely blue. This difference in colour between the two halves of the 
field of view is very readily recognized, so that it is easy to adjust the analyser 
accurately to the position where both halve^j of the field of view have the same 

* E. Mitscherlich (1794-1863), a noted chemist, 
f N. SoLEiL (1798-1878), a French physicist. 
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reddiah-violet colour (“sensitive tint”). Herein lies the importance of Soleil’s 
biquartz w hen white light is used. H the light is monochromatic no advantage 
is gained by its use. 

In Soleil’s saocharimeter a similar biquartz is used, the sugar solution to 
be investigated being also placed between the polarizer and the analyser. 

Instead of rotatmg tlie analyser, we use a quartz wedge compensator. This 
consists of a plate of right-handed quartz bounded by parallel planes and two 



[J 


I i^-- iQ — Dj ii^'ruiwm itJt. skucii 
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oin lai uedgt ^l}<tpcd jilvites ot lelt-handed ([uartz placed facing one 
aiiotij('j. It lii<‘ two wt'dges of J( it-hauded quartz are superposed, they act like 
a plat(‘ ol iett'handeil quartz bounded by paralhd planes. If the wedges am 
(ll^plaeed relati\( to one anotliei, tbe thickness of the plate is altered. We can 
tn<‘n ariiUigo that this double wedge of lcft-hand(xl quartz has the same thic k- 
iKss as tbe right-handed quartz. In this case their effects cancel completely. 
It. however, one of the wotige^ js displaced in one direction or the other relatnc 
to the other, tlie piano of polarization is rot<ited in one diiection or the othei. 


L 
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Fig. 41.—Polaiimeter with quartz wcd^tc compensator 


By suitable adjustment of the quart/ wedges it is accordingly possible to compen¬ 
sate for a rotation of the plane of polarization produced in any manner. 

Fig. 41 shows the essential parts of a Soleil saccharimeter; in this figure 
P denotes the polarizer, D the biquartz, R the tube with sugar solution, Q the 
flat plate of right-handed quartz, K the double wedge of left-handed quartz, 
and A the analy^ser. The apparatus also contains a colour regulator and a small 
observation telescope not shown in the figure. 

In some other types of optical saccharimeter the sensitiveness of the adjust¬ 
ment is magnified to an extraordinary extent, but we cannot go into detailvS of 
these here. 


8. The Production of Elliptically Polarized Light and 
Circularly Polarized Light. 

When a pencil of polarized light passes through a plate of gypsum as illus¬ 
trated in fig. 29 (p. 242), it wiU subsequently pass through the analyser, although 
the analyser and the polarizer are crossed. This depends on the fact that one 
component executes half a vibration less in the gypsum than the other does. 
If the analyser is not present, the ray split up by the gypsum emerges again 
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as a single ray arising from the combination of two light waves vibrating in 
planes at right angles to one another. 

The resultant electric or mac:netio intensity of the wave motion resulting 

trom the eombination of the tuo vibra¬ 
tions is formt'd from the tuo components 
of the ordinary ray and the extrcioidinary 
ray by the general method applicable to 
all vibrations, vhich is discusM il on p. 
195 of Vol. 11. Here we are eoneiTiied 
with the special case where the tuo eom- 
ponents have the same period. Furthei-, 
w^e shall assume that we have to deal 
with the simple case A\'here the ampli¬ 
tudes of the two vibrations are eipial. 
The combination of the vibrations is 
carried out as shown in fig. 11 (Vol. 11, 
p. 196). 

In fig. 42 AB and CD repji tw U'v 
the amplitude (2n) of the component 
^ ^ vibrations about the centre of vibration 

Fig* 42 O; the vibrations are revcrscxl at the 

same instant at A and re«5peet^^ el\. 


7 


I ig- ^ , 1 ig. 44 

Combination ot Lnearh polarized light to form linearly polaiizcd lights circiilaih 
polarized light, and ciliptically polarized light 

The resultant vibration is the linear vibration J0I^\ whose azimuth is rotated 
through an angle of 45° relative to that of the components, and whose am¬ 
plitude is a V2. 

If the vibration AB begins at A at the instant when the a ibration CD begins 
at D, the resultant vibration is also a linear vibration, but along the diagonal 
IV4. The amplitude is again <zV2. but the azimuth makes an angle of 90" 
w ith that of EF. 

Fig. 43 shows the case where the one vibration (AB in fig. 42) jiaNSjng 
thrf)ijgh the central point 0 at the instant w^hen the other vibration (( D in lig. 
42) is starting from C. The difference of phase is 7r/2. In fig. 43 corri'^ponding 
points of the two vibrations are indicated by corresponding numbers 0, 0; 1,1. 
2 , 11, &c. The resultant vibration is a circular motion in wliich the rotation is 
right-handed (clockwdse when looked down on). If one of the components has 
its phase altered by half a vibration, the circular motion is left-handed (counter¬ 
clockwise). (See also the analogous remarks about a rotating magnetic field on 
p. 503 of Vol. in.) 

In fig. 44 the diflerence of phase betwvcn the two components is 7ir/4. When 
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combined they give rise, as is the ease in general when the phviso diilerenco 
not exactly 0 or tc/ 2 , to an elliptical vibration. 

An elliptical vibration is accordingly the most general form of rendiant vibration. 

If we apply these results to the combination of 
two c'oherent linearJ>' polarized rays of light, vibra¬ 
ting in planes at right angles to one another, we see 
that then' i(r,ullant is a linearly polarized ray, a 
circnlarly polarized j-ay, or an elliptically polarized 
lay, according to the difference of phase of the two 
coinpom nt^. 

Linearly j)olarized light is always produced 
when the diiierence of phase of the two lmoarl\ 
fjolarized couiponeuts is tither zero or an even 
n:niltip]f3 of a quart6 t vibration, i.e. 2mi/2, Cii’cu- 
l.irl\ polaii/ed light is ])rodueed wIk'U thedifferenc'o 
of ])lias(‘ ()1 the two eolnponent-^ is an odd multiple 
of a r(uarter viiiration. 

It IS easy to imderstand why the Lineiirl,\ 
lioiarizeij light again gives ri-^c to linearly polarized 
hgid whose plane of jiolarizalion is rotated through 
UO from that of the incident liuht, in the ease 
shown m the model of fig. 29, p. 212 ; for (Uie 
jjouent is displaced relative to the other by halt a 
wav(‘-]ength. i.e. is displaced in lime by half a 
ptTiod. If the displaeiumsit is a quarter of a w.ive- 
length or an odd multiple thereof, the two emerging 
component^ each of which is executing linear _ 

\ ibratioijLs (is linearly polarized), must give rise to form i linear vibration 
a circular vibration (circularly polarized light). 

'J'his may be attained in practice by means of a jilatc of gyxisuin of suitable 
tldckiiess. 

A sheet of g^pst^n which gives the components a ditfereneo of phase of a 
quarter vibration is e(ill(‘d a quarter-wave plate. If a quartc^r-wave plate is 
placed in tfu' palli of a linearly jiolarized pencil of light in such a waqy that the 
})rin(*ipal direction of vibration in the g^qisum is inclined at an angle of 45° to 
the direction of vibration of the polarized light, the linearly polarized light is 
transformed into circularly polarized light. If two quarter-wave plates are super- 
jtosed, the sec^ond transforms the circularly polarized light back into linearly 
pedarized light vibrating in a plane at right angles to the piano of vibration of 
th(' incident pencil of light. A tliird quarter-wave plate will transform this light 
back into circularly polarized light, but now the sense of rotation of the circular 
motion is ox>posite to that of the circularly polarized light produced by a single 
quarter-wave plate. 

Combination of Tw^o Circular Vibrations. —Just as we may t‘oml)mc two 
components linearly polarized in directions at right angles to one anotlier to 
jiroduce circularly pohirizcd light, we may also recombine two circularly polarized 
(components. If the two components have the same amplitude* and ojjposite 
senses of rotation, wo get back linearly polarized light (fig. 45). The azimuth 
(r»r) of file linearly polarized light thus formed, i.e. the position of the plane of 
vibration, depends on the points at w'hich the two circiilar vibrations meet. 

If the tw^o circular vibrations have the same period, they alw^ays meet at 
the tw o extremities of the same diameter; this diameter fixes the azimuth of the 
linear vibration. 

If the period of one of the circular components, say that with right-handed 
rotation, is somewhat less than that of the other, i.e. its' velocity is SQmewhab 



circuiaiJv Dolariijed vibrations to 
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greater than that of the other, the azimuth wiii move tbi'oiigh a definite small 
ajigle at each revolution in the direction of the more rapidly vibrating component. 
Hence the plane of polarization of the linearly polarized light gradually rotates. 
This case does not arise directly in nature, as a difierence in period between the 
two components would entail a difference in their colours, althouQfh the com¬ 
ponents would still have to bo coherent. 

8 uch a difference may arise from the effect of strong magnetic fields within 
a material medium traversed by light; sec also p. 25(). 

9 . Explanation of the Rotation of the Plane 
of Polarization. 

Following Feesnel, we may explain the rotation 
of the plane of polarization ns follows: 

If a liiuvirlv polarized pf'iieil of light tra\('js(s a quartz, 
])iat(\ cut at right angles to the optic axis, in the direction 
of the optic axis, the linearly po]ariz(‘d light is split up into 
two circularly polarized rays of light with the same ampli¬ 
tude and opposite senses of rotation. The right-handed 
component, however, is assumed to advance in the direction 
of the light ray more slowly than the left-handed one. 

This may be illustrated by mean.s of the model siiown in 
fig. 40. On a wooden cylinder wc wind two -innlar ware 
spirals one on top of the other, one being right-handed, 
the other left-handed. The two spirals have the same 
number of turns jier unit length. One end of eacii spiral i-, 
fixed t/O tiie wooden eyhnder. and wt pull the other erah, 
stretehinir the left-handed .sjhral so that it is somewhat 
longer than the right-handed one. Then the right-handed 
spiral rejiresents the right handed circularly polarized com¬ 
ponent of the light and the left-handed spiial the more 
rapidly advancing left-handed circularly' ])oIanz('d com¬ 
ponent. The points wdierc the two siiperj)o^f‘d sjurats touch 
Fie. 46. — Model to cx- determine the azimuth of the linearly polarized light arising 
plain the rotation ot the from the two components at any ]>ai*t.icular instant. We 
p .me of polarization azimuth rotates in the direction of a steep 

right-handed spiral. This explanation is in good agree¬ 
ment with the observtai la'liaviuur of quartz. For example, if on one side of a 
quartz crystal wc grind a face inclined at a very small angle to the o])tic axis, 
and on the other side a face normal to the optic axis, a linearly ])olarized ray 
of light incident on this face in the dire(‘tion of the optic axis must enter the 
crystal without refraction. Within the quartz the ray then breaks up into a 
right-handed circularly polarized ray and a left-handexi circularly polarized ray, 
the wwe velocities in the tw^o rays being different. As the two ray s no louLun* fall 
jiormally on the polished face first mentioned, they are differently retracted aa 
they emerge, that is, there emerge from the surface inclined to the optic axis 
tiro (ircularly polarized rays inclined to one another instead of a single 
linearly polarized ray. Thus quartz exhibits double refraction—although to 
a very trifling extent^ven in the direction of the optic axis. 

The Structure of Optically Active Substances. —The rotation of the 
plane of polarization is to be ascribed to the fact that the structure 
of the elements of the crystal or even of the molecule (e.g, in liquids 
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and solutions) exhibits a spiral structure so far as the resonators (p. 
171) on which the propagation of light in the substance depends are 
concerned. There exist dextro-rotatory and laevo-rotatory substaucc's, 
according to the sense of rotation of the spirals. Substance's of the 
same chemical constitution sometimes occur in three different forms, 
a dextro-rotatory form (the so-called d form), a hevo-rotatory form 
(I form), and an inactive form (racemic form). The occurrence of this 
so-called optical activity in the case of organic compounds is as'> 0 (a‘- 
ated with the presence of an asymmetrical carbon atom, i.e. a car])Oii 
atom which has a different 
group of atoms attached to 
each of its four valencies, as 
is the case e.g. in amyl alcohol, 

Cllj 11 
0 

cyi, OILOH. 

If the eentj’al atom is thought 
of as ))eing situated at the 
(cntre of a tetrahedron, th(‘ 
above groups may he distri¬ 
buted among the vertices of 
the t('trah(‘dron in two diller- 
ent ways vliich are not supei- 
])Osa])]e. The racemic form 

consists of a mixtui’e of the , , . , 

. - atom*; in tiitant. and icR^ided as being situated at 

two components in equal quan- tht \ntKes ot a v trahcdion 
titles, so that their rotations 

exactly cancel. In the case of tartaric acid, thf‘ molecule of which 
contains iuv asymmetrical carbon atoms (two active groups), com¬ 
pensation may also arise omng to the senses of rotation unlhia the 
molecule being opposite. This form (mesotartaric acid) is actually 
known (rig. 47). 

The correctness of these ideas has been proved by experiments 
with metal spirals. A large number of identical spirals with the same 
sense of rotation wer(i placed in a box, forming a model of an o))tically 
active substance. When electric waves of suitable wave-length were 
made to traverse the box, a rotation of their plane of polarization was 
detected and found to agree even quantitatively with the calculated 
amount. 
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10. The Effect of Electric and Magnetic Fields on the 
Propagation of Light. 

The Effect in a Vacuum.—In a vacuum even the strongest electric 
and inagu(*tie fields are entirely devoid of any effect on tlie propagation 
oi light. This shows that electric and also magnetic intensities and 
displacements are superposed in space free of matter without tht‘ 
mutual disturbance. A particular case of this has already been 
mentioned on p. 9. 

The Effect in Space filled with Matter.—The light is affected in the 
following way; under certain circumsbmees even the atoms emitting 
the light are set in c'ertaiii definite diividions, so that the ordinary ” 
light storting from the source is no longer unpolarized, but exhibits 
polarization in a deiiuite direction owing to the ehmicntary oscillators 
taking up certain favoured positions relative to the external field. 

Light once emitted is liable to be affected during its passage through 
matter by the presen{‘e of an electric or magnetic field. 

Effects taking jiacc on cinission. 

L If the source of light is brought into a strong inagnetic field, the 
eniittvd hglit (1) has its wave-length altered from its value in the absence 
of a firkf (2) is pohnrxd (the Zeeman''^ effect (189G)). 

n. If light is on it fed in a strong ele< trie field, the light (1) has it^ 
waVi-length altered. (2) is pokohed (the Stark f effect (1913)). 

Ju both eas(\s the directioji of polarization and the change in wave- 
lengtii are connected by a definite relationship. 

These two phenomena are ot fimdamental significance in connexion 
with our ideas of the nature of the proiess of light emission. In view 
of their important bearing on our knowledgr^ of the structure of the 
atom they will bo discussed in detail in Vol. V. 

Effects taking place when Light is moving through Space containing 
Mailer ,—In the following cases the effect of external fields is to b(‘ 
thought of as due to the elementary resonators (p. 171) being indi¬ 
vidually affected ])y the field according to the Zeeman or Stark effect, 
so that the elementary wwes starting from them have their wave¬ 
length and direction of polarization changed. An explanation of tin; 
phenomena described biGow will be given in Vol. V. 

* PiLt ER Zeemav» born in 18S6, was engaged in physical research at the Universitv 
of \rii' 5 terdani. The discovery mentioned above was made by him at Leyden in 189(1 
as tlie result of a suggestion by H. A. Lobetjtz. In 1903 the two investigators weie 
awarded the Xolxd pri/e for physics. Faraday had alread\ sought for an effect of the 
magnet on the colour of light, but was unsuccessful owmg to the tields he used not 
being intense enough. Observations similar to those of Zkkman had been made by 
(\ Fjevtez as early as 188.5, but they had been lost sight of. 

t JoH\^sNES 8 tark, till 1917 Professor of Physics at Aix-la-Chapelle, at Greifswaid 
from 1917 to 1920, and t Wurzburg from 1920 to 1921, was awarded the Nobel prize 
in 1919, and became president of the Fhyaikahsch'techmsche ReichaanetaU, 
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Electric Fields. Electrical Double Refraction (the electro-optic Kerr* effect).— 
If bf^ht is made to pass between Ibo plates of a flat oonderiser filled with a 


.suitable substance, o.g. nitoj-benzene, 
tliis substance will exhibit double re¬ 
fraction when an electric ]3ressuro is 
applied to the condenser. Fwo ray- 
c oiuponcnts arc produo(‘d, one being 
{)olarizcd parallel to the electric field, 
llu' other at right angles to the cleetr](‘ 
field. Th(‘ (‘ornjxuients are propagated 
at ditb'rent rat('s, A light ray pohnized 
in a dinvtion m dcing an angle of 45" 
with the lines of force is theri'fore 
ilbfiticalh' polarized after traver<;iiig 
tlie Itjuid (p. 253). Hence it an ana- 
IvsiT is afljlisted so th.it the ra 3 ’' of 
Imht tiM verging the so-cidied Kerr ec'll ; 
absi'iit, the field oi view will l>e<‘onie 
ap})]ierl. The difik'rcTK'C (4 })ath lietwee 



[’jg.48.—^Principal circuit of a rcrelvci for wildest 
tIaIl‘^ml >sjon of pictures 


^ evtinguislKH.! when the electric field is 
brifiht again wIkti the electric field 
1 the two rays in wave-lenirtlis is 




where fv is the so-called Kfrr constant of thi' snh^taneo used, I the thickne'^4 
of tht‘ la\(‘r of sub'^taiK e in eentimetres, and K the do* trie intensit}' in voits/( ni 



] :;o —Principle of the method for mcasuiing the velocitv of light by means of the Kerr Cf 11 : 

1 . rlu '-uuKt of light, Ki and Kj Kerr cells, B the obscivei, Ni and Nj the polanzers, S a mirror, 
l\l a disc ol ni itr glass (liom Aunalen der Phystk, Vol. 2 fj. A. Barth, Leipzig)). 


Tliaf is, t he brightiK'Ns of the field of view depends on the intensity of the clectrii 
field. \\ o nia}" also ean&e darkness when the polarizer and analyser are parallel 
by {-witthing on the field. The Kerr cell has become of great practical importance 
in ('omiexion with the Atirclcss transmission of pictures and wdth television, 
largt'lv as a result of the work of K4RoLiTs.t It enables variations in an electric 
field to be transformed without any lag into variations of light, so that the prin¬ 
ciple underhung its application to the above purposes is obvious; the variations 
in the amplitude of the oncoming electric wa\e.s (i.e. the variations of the cdi'ctric 
field) are transformed into variations of light, which are recorded on jihoto- 
sensifive paper as in fig. 48. The substance chiefly used is nitrobenzene, wKieh 
has a Kerr constant of 2*7 x 10 ‘ ® for th<' D line. It was with glass that Kerb 
discovered the phenomenon. 

Determination of the Velocity of Light by means of the Kerr Cell (Kjjroltts 

* Discovered in 1875 by John Kerb (1824-1907), a Soottish physicist. 

t Professor at the University of Leipzig. 
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and Mittelstaedl, 1928). -If an alternating pressures or better still an alter¬ 
nating pressure superposed on a direct pressure (Vol. HI, p. 561), is applied to 
a Kerr cell, and the values of E and / are suitably chosen, the light traversing 
the cell is interrupted with a frequency double that of the alternating current 
(as it depends on E-). Hence, as was suggested b}^ Des Cor dues as early as 
1893, a Kerr cell could be used in Fizeau’s experiment instead of the toothed 
wheel. With modem methods of prodiitmg vibrations it is })ossible to hold 
a frequency of about 10'^ hertz (cycles) steady to within | 200 hertz. Thi.s enables 
the path of the liglit to bo cut down to less than 100 m. 'J'he measurements 
are made by a compensation method (fig. 50). If in the path of a linearly polarized 
pencil of light we place two crossed cells (i.e. at an angle of 90^' with each othcT ), 
^^e may, as considerations like those on p. 253 show, cancel the double refraction 
firoduced in the first cell, provided that the two cells are exactly the same, and 
liav(‘ the lines of force inclined at an angle of 45^ to the plane of polarization. 
With (Tossed cells, therefore, wo obtain darkness in every ease. If, howcviT, 
the light lak(‘s a considerabii' time to p.iss from one ocdl to the otliei’, the applied 
in the second cell is in a ditlenmt phase. J3y altering the frequency 
of the applied alternating pressure, it is possibki to arrange for the second cell 
1 () have exactly the same phase as the first at every instant for the ray of light 
traversing the path s; the field of view is then dark again all the time. If th(‘ 
])tith 6* is kept constant the necessary frequeiK\v f is ai‘eordiTigl_\ given by/- c, ^ 
or more g(3nerally by/-- kc/s, wIkto k is a whole number. ith a j>ath 6' ol about 
300 rn. (obtniiH'd by repeated reflection, k taking values from 4 to 8). the average 
A alue 

29fl,77S Km./se(‘. JL20 Km./sec. 
was obtained for the \ (Licit \ of liglit. 

Magnetic Fields .—Magneiic Botalion of the Flam of Pohrlzaiim .—In 1845 
Faraday discovi red the first-known relationship betw’een magiudic (and hence 
also electric) phenomena and optical phenomena. Ho found that the plane of 
polarization of linearly polarized light is rotat(*d in a magnetic field in the 
pri'seiH'c of matter. To carry out Faraday’s experiment a piecje of glass con¬ 
sisting larg(4y (jf lead silicate (Faraday’s glass) and having its end surfaces 
ground flat and pulishcxl is placed betweim the poles of an electro¬ 
magnet BO as to lie along the lines of force. Nicol prisms are placed at 
(ither end of a hole bored through the pole-pieces of the magnet to act as polar¬ 
izer and analyser; the two Nieols are crossed, so that to an observer looking 
through the analyser the field of view^ appears dark. If the circuit of the electro¬ 
magnet is then closed, the field of view lights up, but darkness may be reobtained 
by rotating the analyser, the angle through which the analyser is rotated giving 
the rotation of the plane of polarization. The sense of rotation is that in w^hich 
the eJectrio current flows round the electromagnet. A rotation in this direction 
is reckoned positive. Rotation of the piano of polarization is also found to occur 
in other substances; in some the rotation is negative. The magnitude of the 
rotation (a) is proportional to the intensity of the field as well as to the lengtli 
of substance traversed by the light: 

a — co/H, 


where H is measured in gauss. Further, the rotation generally incr(\(S('s as the 
wave-length diminishes. 

The constant co means the angle through which the plane of polarization 
of light is rotated when the length of substance traversed is 1 cm. and the inten¬ 
sity of the magnetic field is 1 gauss. This quantity is knowm as Verdet’s * ccmstant. 

* M. E. Verdet (1824-66), a French physicist particularly distinguished by his 
researches in optics. 
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It wo inodsurc the rotation in Hocouds of arc, VerdcFs coii'^taut is 3-4 for 
Faraday’s glass, 4'4 for molten siiljibiir, 7-3 for phosphorus, 2 5 lor i arbon disul- 
phid(\ An aqueous solution of ferric chloride gives a negative rotation; \VrdeFs 
eoustant for a 40 per cent solution of ferric chloride is —5, K\ ndt* (1884) 
inv(‘stigated extremely thin metallic films (so thin as to be tran4])arent) in the 
magnetic field, and found that metals also rotate the piano of polaiization in the 
magnetic field. The ferromagnetj(* metals iron, nickel, and cobalt give a par¬ 
ticularly large rotation; the rotation of iron is about 30,000 times that of glass, 
hurt her, it is noti'worthy that in the case of iron the rotation is grt'ater for red 
light tlian for blu(‘ light; that is, there is anomalous rotatory dis[)crsion. 

Keru observed in 1877 that the plane of polarized light is also rotated when 
it falls on the polislied emd surface ol a strong magnet and is reflected from it 
(tlie magneto-optic Kerr effect). 

Ila^netic Double iiVj/ar/mn.—This is the magnetic analogue of the electric 
dt)ii})le refraction discussed on p. 257. As in that case, we have 




vlierc* (j the so-cailcd Cotton-Mouion constard of the substance concerned, I 
the thickness ot the layer traversed by the light, and B the magnetic induction 
(mea'•lin'd in irauss). The value of for nitrobenzene, in which this phenomenon 
is well dc^eloped, is 2*41 y for the 3) hne. 

• August Kundt (1838-11)14), J^rofessor of Physics at Bonn. 



CHAPTER XI 


Optical phenomena in the Atmosphere 

1. Atmosplieiic Refraction. 

Wlif n a lav ])ass( s fiom a \ aoiiiiin to an it js rc luioU d tov\aids 
the nonnd Vt 0^ ( and 7(>() nun pKssiin tht lelixttiv^ index of 
ail IS 1 000291 i Use in tempi latuie oi a lall in pressine dmimislies 
the density and hence also the ufractive index of air It the noinial 
density of an is c/ and llu nornnl nfiactne index /x, the retractive 
index fi' when th( denslt^ is (I' ib i^n\en ))\ the eqjintion 

fi i d 
/4 I <l 

A ia\ <d liiilit uliidi tia\cl'^ o\fi loDi^ clLsiances iij the tcrrestiid 
atmospJiiie must lra\ei'.c \arioiu livers of an of men ismg or de 



Fjg I \tmosphenc refraction 


crea^mg Each time it passcb from oue layer to another it is 

subject to refiaction Hence its path through the atmosphere is a 
slightly curved hue (p ld7) All lavs of light in air therefore, arc 
really slightly curved If the distance is small, however, this curvature 
cannot bo detected if the distance is considerable, it is one of the 
sources of error well known to the surveyor, which must be taken 
account of in accurate measurements Rays of light reachmg the earth 
from a star are likewise slightly curved (fig. 1). As by Chap. I, §2, 
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p. 4, tte eye infeis that the source of light is situated on the back- 
prolongation of the ray of light entering the eye, tlie slar appears 
Jiigher to the observer than it really is (S' in the figure indicating the 
apparent position, S the real position). The angle (a) through which 
the source is apparently raised, measured in radians, is called the 
atmospheric refraction. It is greater the lower the star is in the sky. 
'File atmospheric refraction of a star on the horknn is called the hori¬ 
zontal refraction; this amounts to about 0*5 . The atmosjdioric 
refraction for various altitudes is tabulated in tlie appendix (p. 1 ^ 82 ). 

As lA result of almuspheiic refraction wo are still able to sec stars wliicli in 
reality Lave already sunk Lcueatli the liorizon. At the instant when the lower 
rim of the setting sun is appaientiv toiicliing the horizon, the vppey rim has actually 
alreaflv sunli. beneath the htuizon. The same is true of the snurisc. 

The flattened appearance f)t the sun f)r moon at rising or st'tting is largely 
to be ascribtHi to the fact that the light from the lossir rim is moie strongly 
refracted by the atmosx>hcre than that liom the u})]>er iim. 

An apparent raising of objects on the surfaca^ of tli(‘ caith. ana¬ 
logous to the phenomeno]! just mentioned, is often ol^Muved on tlu' 
banks of largi^ lakes or at the sea-coast, and also cm lh(‘ o]ifai sea, when 
the layer of air next to the water is markedly cooIcj’, i.e. markedly 
<lcnsf‘r, than the layers above it. The rays rising obliquely Ironi an 
object in the iK^ghbourliOod of the surface of the w.iter are riflracted 
I way fi‘oin the normal and may assiune an almost lionzoutal direction. 
As a result lays may roach the eye from objects which actually lie 
below the horizon. For similar curvatures in the case of sound rays 
see Vol. II, lig. 1, p. 277, and in rh(‘ c<ise of electric waves Vol. Ill, 
iig. 45, p. 610. 

As the refractive index of air depends on the density and is less 
for high temperatures than for low', the direction of a ray will also 
!)(' alt('red by hot ascending currents of air, e.g. from a chimney or 
a w'all or piece of ground exposed to the sun. The shape and jiosition 
ol these ascending currents of air arc liable to vary irregularly. Hence 
objects looked at across these ascending currents of air appear to 
tremble or flicker. The flickering or twinkling of the fixed stars is 
also due to the variations in refraction of the light rays due to the 
variable density of the atmosphere. The wave-fronts for the light 
from the stars, which ideally should be plane, exhibit certain irregu¬ 
larities whose average size is about 100 sq. cm. and radius of curvature 
several thousand metres. As each curvature of the medium gi\'es rise 
lo divergence or convergence of the rays, marked fluctuations in 
brightness rc^sult. 

jurages. —In certain cirenmatanoes it may hapjien that low-lying layers 
ol air have a lower density than those l>ing above them. This occurs e.g. when 
the earth’s surface is brightly illuminated by the sun in the absence of wind, 
so that tlie layers nearest the ground are strongly warrae<i. In this ca‘^e a pencil 
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of ra>s iiirlined at a very small angle to the ground is deviated away from the 
normal. \Vc then have the phenomenon illustrated by the experiment of fig. 28, 
p. 107; the ray of light is curved. If the curvature is so marked that the 
ray reaches a lowest point and begins to travel upwards again, it appears to 
suffer tot<d reflection and the hot layer of air acts like a glittering min’or. Owing 
to this apparent reflection, an observer can then see objects which lie above the 
ground twice, as they arc apparently reflected in the mirror-like layer of air. 
Such a reflection may siruiilate the presence of an extensive sheet of water (mirage, 
fata morgana *). It the case is as shown in fig, 30, p. 108, two mirror images of 
tlic object are visible* just below it, the upper being reversed relative to the object 
and the lower riglif side up. The two images are markedly compressed in the 
up and down direction. The formation of the two images and their distortion 
may be demonstrated by the oxperifnent showm in fig. 2, jn which, as in 
fig. 2cS, p. 107, the formation of a mirage is imitated by means of layers of 
alcohol and w ater. 


A similar phenomenon may also bo observed at the seaside on hot summer 
days. This occurs when a thin ]a\(T of water on the sea-bed (especially over 
_ parts exposed at low^ water) is strongly 




Alu>}wl 



warmed; for this again gives rise to 
‘V marked warming of the layer of air 
^ immediately above it. As the air at 
the same time is rarefied owing to thi* 
water vapour present, mirages often 


I'g 2 —Imc )tK>r of the triple image ot a milage occiLT ill still w t'athcr. We then hav<' 


the impn-SKion that the level of the 
sea IS raised; the app<ireiil tot.i! reflection of the tuarkedly rarefied layer 
of air sriv'C'* rise to mirror images ol objects on the find or on the surface 
of the watiT. 


Finally, at great altitudes an extensive la^'or of very in rifled air In freijiicnth 
formed. H<to total reflection following on refraction takers place' in a smidai 
w^ay, and mirror images of objects on the ground are formed hi the sli/. In certain 
isolated cases it is thus possible to .see objects wdiich could not bo seen directiv 
at all owing to the curvature of the earth. Thu^, for example, the mirror iinace 
of Heligoland has often been seen in the sky fi’om Cuxbaven, although Heligoland 
itself cannot be seen from Cuxbaven. 


Ill the alpine glow the raj^a of the sun are bent back alter sunset by a verv 
rarefied layer of air at a great height .so as to illuminate the mountain top^^ 

directly. 


2. Ordinary Diffuse Daylight. 

The fact that we see not only those objects which are diri'ctl}^ 
illuminated by the sun, but also objects l.ying in shadow, shows that 
in most cases the sunlight only reaches bodies after being deviated 
in some way or another. Siuilight is reflected, diffracted, and scat 
tered by bodies on the surface of the earth, by the air (p. 232) and by 
bodies floating in it, such as water droplets, clouds, and particles of 
dust. The illumination of the earth is then uniform or diffuse, and 
does not give rise to such deep shadows as those cast by sunlight. 
In the open air the illumination produced by daylight is about 10,000 

* Fata morgana, Arabic Jdnnirgan, a fairy wko exhibits her power by causing 
mirages. The phenomenon is very hequently exhibited by slightly rimng asphalt 
roads in sunshine. 
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lux (Cliap. II, § 1, p. 23) i.e. is equal to an illumination of 10,000 candles 
at a distance of 1 m. 

So long as the sun’s rays can illuminate parts of the atmosphere 
which are visiLlc to us, the sky is not completely dark. The period 
after sunset or ))efore sunrise (luring which we receive diffused (scat¬ 
tered) light only is called twilight. From the duration of twilight 
it is possible to calculate to what height in the atmosphere ])artielt's 
of a size (<.A) capable of scattering sunlight extend. Twilight lasts 
longer the raor(‘ acute the angle made by the path of the sun with 
the horizon; hence in high latitudes it is longer than in the neighbour¬ 
hood of the liqiiator. 

The Blue Colour of the Sky. —The light from the sun is scattered 
by the atmosphere; this is very probably due to the statistical fluc¬ 
tuations in the dcjisity of the air arising from the thermal motions ot 
the molecules (Vol. TJ, p. 141). The blue colour of the sky is accoid- 
iiigly th<‘ colour of a ‘'turbid medium*' (p. 232). From the intensity 
of the b(;atter(Ml light/ Avogadro's numlxT may be calculated; the value 
obtained by this method, 2*89 X 10*^ molecules per cubic centinietnu 
in good agrecnamt with the results of otluT methods (Vol. TI, p. GO). 

A.s n the mn is low in llie sky iho coming from it to our 03 cs has 
t > lr-i\erse .i vci} lliuk layer of air Jvmg near the ground and hence containine 
large i.umb(‘r ot \»‘r 3 minute particUs and Abater droplets, it is cliicfly the jt*d 
raj^s ot long wa^e-length that g(‘t thi’ough, tbc‘ otliiT r<i 3 s being eliminated during 
their Jong jounu'V thjough the atmospheie owing t(^ the scattering effect of small 
niatenal ])artic which in('reases in ju'oportion to I/Xh by p. 232. The nd rays 
(ff th(‘ lining 01 setting sun illuminate the parts of the hk\^ near the hoiizou and 
prodiut' the colours ol huntise and founsot, which ai< ^ isibli^ even when the sun 
»•> b(']ow the hoii/on 

It the particles tJoating in the atmosphere markedly excr'td the size men¬ 
tioned above, diffraction pla^s onfy a small i>art, and ail the colours of yimlight 
<ire reflected and diffusedly scattered in apparently the same iniensit}; hence 
when small droplets have been formed by the (‘ondensation of water vapour 
and th(‘se havx* joined to form drops, the sky appears wiiitish. The white colour 
of mist or fog is also to be aserjlKnl to the presence of Bmall droplets of water. 
SimiktilN the '-moke from a cigarette, wfliich consists of very fine particles, is 
very distinctly blue, A\hile the smoko exhaled, which consists of much coarser 
particle"-, is whitidi. 

Tbc polarization of tlu? light from the sky, which may be anticipated 
to occur in vii^w of the discussion on p. 232, may be observed by pointing 
a Nicol prism at the sky and rotating the prism in front of the eye. 

3. Solar and Lunar Coronse and Halos. 

Coloured Rings round the Sun or the Moon (Coronae). -These are 

purely diflEi’action phenomena. Owing to the greater brightness of 
simlight, coloured rings round the sun are less frequently observed 
than coloured rings round the moon. The moon appears surrounded 
by a bluish circular region bounded by a reddish-yellow circle. On 
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the outer side this may be followed by one or more successions of 
narrow coloured bands ranging from blue to red. While the first series 
of colours agrees more or less with the order of the coloiirs in the 
spec’trum, the succession of colours in the outer rings differs entirely 
from that in the spectrum. It follows from this that the phenomenon 
is ]iot one of dispersion, but is due to the interference of light rays. 

Jn appearance and mode of occurrence the phenomenon is very similar to 
tlK‘ rings which appear to be formed round a distant source of light when it is 
looked at from a dark room through a slightly fogged window (e.g. one that has 
Ix'cn breathed upon). Such rings are also formed when the piece of glass bot\\<H^n 
the eye and the point source of light is slightly dusty, and are especially 
shown when the dust is very uniform, i.e. consists of particles all about the 
same size (e.g. lycopodium powder, the spores of club-moss). If the glass plate 
IS breathed upon the rings arc at first large and brilliantly coloured; as the 
condensed droplets coalesce, the rings gradually shrink and Iho colours fade. 
J'iu' water droplets or particles of dust act like a diffraction grating, .lust as 
the interference bands produced by the diffraction grating are farther apart- 
the closer the ruling of the grating is, the coloured rings are larger the smaller 
the diffracting particles of dust or water droplets are. If the particles are of un¬ 
equal size, the various diffraction rings overlap and destroy the purity of the 
colours. 

This explains why coloured rings round the moon are chiefly observed on 
evenings after clear days; for then there is slight condensation of the water 
vapour present in the air, minute droplets of approximately equal size being 
formed. As condensation proceeds the water droplets become larger and un¬ 
equal in size, and the ring becomes smaller and linally passes gradually into a 
whitish circular region surrounding the moon. 

Solar and Lunar Halos.—TJiese are essentially different frenn 
cor once. Halos are always formed at the same distance from the sun 
or moon; usually they have a mean radius of 22^, more rarely of 46 
the inner side of the halo is always red, the outer side blue. Their 
occurrence is due to dispersion of the light at the small ice crystals 
formed in the higher layers of the atmosphere by the condensation of 
wat(‘r vapour. 

The ice crystals have the form of regular hexagonal columns with })lane 
end faces. If a ray of light L (fig. 3) falls on one side face of a hexagonal ice 
crystal at an angle of 41°, it is refracted into the ice crystal at an angle of 30 
(the refractive index of ice being 1-31) and subsequently leaves it again, the 
angles being interchanged. The ray is thus deviated through an angle of 22 . 
At the same time the ray is split up into its spectral components. Ow ing to the 
great distance between the crystal and the observer, however, only one ray 
of the fan of colours emerging from an ice crystal will enter the eye of the observer; 
lienee any one crystal appears to send out only one definite colour. (This may 
readily be observed on walking over a sheet of snow on a cold sunny winter’s 
day; here and there one sees a blue, green, or red flash from a snow crystal which 
happens to have the right situation relative to the sun and the oye.) As the blue 
rays are more strongly refracted than the red, the angular distance from the sun 
of those crystals which are apparently coloured blue is somewhat greater than 
that of the crystals which are apparently coloured red. For this reason the iimor 
edge of the halo appears rod and the outer edge blue. 
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The liinar halo of mean angular radius 46"^ is oi:plamed by the refraetion 
and dispersion of light falling on the plane end surfaces of hexagonal needles 
of ice and emerging from their side faces. The pal h of the rays in tins case is shown 
in fig. 4. The angle of incidence is OS'", the angle of refraction in the ico 45°, so 
that the deviation of the ray is 4G°. Here again the deviation is somewhat greater 
for blue than for red. so that in lliis case also the inner edge of the halo is red and 
tl>(' outer edee blue. 


Mock Suns.—In addition to tli(^ phenomena mentioned above, 
llK're often occur white rings due to reflection of light at the surfaces 
of the ice erv&tfiLs. Occasionally these rings are accompanied'by hori- 
y.oiita] ])ands of light, which give rise to apparent expansions of the 
rings on either side of the sun or moon {mocl' sun or moon). These 
horizontal bands of light are due to the reflection of light at tlj(* pl^^rie 



Pig 3 Dc\j.iuon oi liglit b\ a cr\i>tal ot ice 


L 



blue 


icd 


Fig A —DcMation of light bj 
a prismatic nccclk* of ice 


end surfaces of thin, flat, pLite-likc ice crystals, which take up a 
horizontal position in absolnttdy still air. 

4. The Rainbow. 

The Primary Rainbow.—A rainbow is formed when a cloud which 
is l)reaking up into drops is illuminated by the sun. The rainbow 
forms part of a circle whose centre is at the counter-sun, i.f‘. the 
point in the field of view which, as seen by the observer, is exactly 
opposite to the suii. The primary rainbow has on its outer side a fairly 
sharp red margin; inwards the colours succeed one another more or 
less in the order of the spectrum until blue is reached; after this there 
are usually a niimber of narrow coloui*ed rings in which the succession 
*of colours is apfiarently irregular {supernumerary boivs). The exieinal 
radius of the primary rainbow is always 42^ 30'; the details of the 
succession of colours are different in almost every rainbow. The rain¬ 
bow must depend partly on interference phenomena; for if it wen^ 
a dispersion phenomenon pure and simple, only one succession of colours 
could occur and that always in the same order. 

If we look at a very bright rainbow through a monochromati(‘ 
red glass we see a succession of circular arcs, alternately bright and 
dark, similar to the diffi*aetion rings which are formed when the liglit 
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from a ])oint source (vSiinliglit or a distant arc lamp) falls through a 
small cjreular stop on to a white screen. 

The Secondary Rainbow.— This always has an internal radius of 
r)L; its inner edgf' is fairlyf sliarply defined and is coloured red. Here 
the colours follow one another outwards in more or less the ord(‘r 
jji which they occ ur in the spectrum until blue is reached; then thc're 
AIV UMuillv several suj)eriiumerary bows varying in number, breadth, 
and colour. Looked at through a glass transmitting one colour only, 
the secondary rainbow also appears as a system of bright and daik 
rings. In its whole aj>pearance the phenomenon closely resembh^s 
the (lillraction rings formed round the shadow oE an opaque (urcular 
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di^c placed in the path of the rays from a distant point vSOiirce 
(fig. 18, Plate I). 

Explanation. - To illustrate the phenoincTia of the rainbow wo he^^oii b\ 
in vest ij.'at mg the course of a pencil of jmralk'l ra^ ^ failing on a sphere (or eylinder) 
full of water. A parallel pencil of (monocdmomatic) light is allowed to fall on 
the back of a white screen Sch provided with a narrow horizontal slit S 5j, 
so that a narrow pencil is selected, which falls on the curved surface of a cylin¬ 
drical full of water. The cylinder may readily be raised or lowered so as 

to give the augle of incidence of the pencil of rays on the cylindca- (which rej)ie- 
sents a drop of water) any value at will. We observe that the incident rays aie 
partly reflected at the front sLirfa^ e of the drop (A) and partly refracted into 
the drop. The refracted portion of the hght is again partly reflected at the rear 
side of the drop (B) and partly refracted out of the drop. The part of the light 
reflected at B is again partly reflected at C, the rtjmainder of the light leaving 
the drop in the dkection CD and meeting the screen at D. 

If we let the ray SA fall on the drop at right angles, part of it is reflectf‘d 
into itself and part of it enters the drop without change of direction, some of 
the latter portion leaving the di’op again in the same direction. If the ckop 
is lowered, the ray CD is also lowered; CD makes an acute angle with AS, which 
if the drop is lowered farther at first rapifily increases, then increases more 
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sloTvly, and finally diminislies again. That is, the deviation of the pencil of 
rays depends on the angle of incidence, but never exceeds a certain large 
value. Tor red light it is 42° 30'; this value occurs when the angle of inch 
dence of the light is 59° 30'. It follows that a pencil of rays (of red liglil) which 
iiluminidcs the u^ole drop meets the screen only in a sharply defined zone whost' 
boundary rays mah(‘ an angle equal to the supplement of 42° 30' with the original 
direction of the ra;\. Hence if p.irallel rays of (red) light fall on a single splurical 
drop, the ra.\s 'whith leav(‘ the drop backwards after being twu’ce refracted and 
once reflected do so within a cone of semi-vertical angle 42' 30'. Id^r light of 
diorter uavedengths the semi-vertical angle of the cone is somewhat smalNr 
'll for )flic liuht). 

'the cone of light in question is sharfily bounded on ihe outei -j t . ] {\ it 
beha\ es as if it were stopped down by a circuldr hole in an ojiaque screen, litDce 
at th(' (‘does \vt^ have the same dilTraction phenomena as are produced by a, serei'ii 
with a s])arp edge (fig. 6). 3Iaxima and minima of intensity occur in alternate 
sm‘ccssioii, the distances bctw(vn tlu^m becoming smaller and the differentt's 
of iiiftai'-ity becoming less (cf. fig. 24, Plate I). This r<'gion gradually passes into 
a region of unilorni iihnnination. In fig. (> the brightn('ss of the diffraction pheno¬ 
mena is pt ffctl as ordinate; tbo point A corrc'^ponds to the boundary of the 
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ecoiiKfrh al shadow, i.c. to the boundary of greatest deviation in the rainbow, 
t hat is, to a solid angle of 42 3 <V for red light and 41 for blut' light. The distances 
between tim ^,uiolls maiiin i of intensity are proportional to the w^avtslength 
of tJi(‘ light, and owing to the circular btuindary (cf. Vol. IT, p. 244, and p. 13 
of the prt -ent volume) are gre iter the smaller the raindrojis are. 

If ve ai(^ to build lip tlie rauibow formed by the white light of the sun from 
us elements mi the b*xsis c»f the .ibove considei at ions, wo must (jonstriict tin* 
diffractinn pattern of fi". (1 for <‘ach colour and for each size of drop and then 
supcrfiose the individual images in such a way that the point A of each image 
i:> associated with the maximum angle of deviation corresponding to its colour; 
thus, e.g., for red light the point A must lie at 42^ 30', for blue light at 41°. The 
result will be an extremely compJicatexl mixture of colours, containing pure red 
only in the neighbourhood of the outer edge; inw^ards tliis gradually becomes 
mixed with other colours, the intensity of tlu' ri'd component diminishing at the 
same time. At the place where the first maximum for blue occurs the mixture 
of colours approaches blue, but the pure blue of the spectrum does not occur. 
At a greater distance from the edge the mixture of colours becomes still more 
irregiilar; the succession of colours in the supernumerary’' bow’s varies very much, 
until finally a complete mixture of all the components gives white. 

As the maximum angle of deviation is constant for each colour, the outer 
edge of the primary bow always appears at the same angle; as, however, tiie 
distances of the intensity maxima for each separate colour dej^ond on the size 
of the drops, the appearanoo and succession of colours vary from one rainbow^ 
to the next, especially as regards the supernumerary bows. 

If the diameter of the drops is less than 0-1 mm., the individnal diffracti(,in 
maxima move so far apart that tlioy^ overlap to a great extent for all colours 
even in the first maximum, although the diffraction pattern begins at a different 
point (A in fig. 6) for each colom’; the bands of colour become broader and duller 
simultaneously. The very minute drupltds in mist may give rise to a white rain¬ 
bow instead of the ordinary coloured rainbows 
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The secondary how is duo to that part of the pencil of rays whit'h is again 
reflected at C (fig. 5), i.e. is reflected twice in all. This pencil of rays mostly 
emerges at E in the direction EF and meets the screen at F. If tlie drop ” 
is raised or lowered the spot always remains at some distance from S. It 
reaches the least distance from S when the angle between EF and the original 
direction of the ray is the supplement of 5P, the corresponding angle of inci¬ 
dence being 72'^; as in the primary bow, the dispersion phenomena arc accom- 
p<ini(Hi by diffraction phenomena. 

Fig. 7 shows how all the raindrops in a cloud contribute to the 
combined phenomenon visible to the individual observer. Only a 
limited pencil of rays from each individual drop can reach the eye 



A; each individual drop appears only in a coloiu' which depends on 
the angle which the ray from the drop to the eye makes with the 
line from the eye to the counter-sun, but is. of course, surromidcd 
by the diffraction phenomenon discussed above (very faint for a singk' 
di'op), which depends on the size of the drop. Drops for which th(^ 
angle just referred to is 42"^ 30' appear red and form the outer edge of 
the primary bow. Next in inward order come the drops coloured green 
and blue. In the same way the drops for which the angle is 5L also 
a])pear red; they form the inner edge of the secondary bow, and are 
followed outwards by drops of the other colours. Between the primary 
bow and the secondary bow there is a comparatively dark region. 
Since the interference phenomena depend on the size of the drops, 
the details of the appearance of the rainbow (succession of colours, 
depth of tints), as mentioned above, vary with the size of the drops. 



CHAPTER XII 


Physiological Optics 

1 . The Visual Process. 

light h\h on the retina, a chemical change takes place in its 
tLssih^^, which is lnanife^te^l by a change of colour in tlie retinal ])ig- 
nient oi* visual purple. How this chemical change gives ris(' to the 
sensation of light is not known. Immediately aftin* being affcH^ted by 
liglit. the r(*tina loses ils ])ower of vision at the region ex('ited, owing 
to the ehf'mical change in the visual purple. This is V(‘ry Wfd! shown 
by the lact tliat we are dazzled on looking at an intens(‘ly bright light. 
The (‘hemical (‘hange is reversed by the circulation of the blood. If 
it has l)(‘exi so marked that the normal state is not restored for some 
tim(‘, ve (‘xpfU'ience j)artici}larly clear alter-images, whidi disappear 
only by degrees. 

Positive After-images, however, occur quite normally after every 
light-stimulus and are usually of short dinration. A glowing piece of coal 
swung round in a circle no long<u* appears as a point, but as a line, 
and when raj)idly moved as a complete circle of light. The sensation 
of light does not cease immediately the light-stimulus does, but con- 
tinnes for a finite length of time after it. For the same reason, if pictures 
are rapidly altered they are no longer perceived se])arately, but one 
mingles with the next. 

Use is ma(i(^ of iliis fact in the cinematograph,’^ in which a series of sepaiMte 
pictures of a certain action are brought, in front of the eye at a definite raU* (of 
about 1(3 pictures per second). Thanks to the existence of positive after-iino^.i('s, 
this 8(‘ries of pictures is experienced as an unbroken series of impressions, i.e. 
as a record of the successive motions. The rate at which the pictures are made 
to succeed one another is so chosen that tJie last vestig(^ of the positive aftcT-image 
of OIK' ])icture has not entirely v anished -v^hen the next picture is presented to the 
eye. 

* Gr,, hinema, motion. The cinematograph is a development of stroboscopic illumina¬ 
tion (Vol. If, p. 23(3), which goes back to Plateau (and to Stampeee at about the 
same time (1823)). The first noteworthy attempt at producing moving pictures was 
the subjectively-used stroboscope of Anschutz (1845-1907). [The commercial history 
of the moving picture began with Edison’s kinetoscope and the invention of the 
Kodak celluloid film by Eastman.] 
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Negative After-images occur when a light-stimuliLS acts for some 
time on the same part of the retina, i.e. when the eye looks straight 
at a brightly illuminated object for some time and then at a surface 
which is feebly but uniformly illuminated. We then see an after¬ 
image in which light and dark are reversed. As the after-image of 
the glowing filament of an electric lamp we sec a dark filament on 
a bright giound; as the after-image of the dark cross formed by the 
bars of a window against the bright panes wo see a bright and 
dark panes. 

The of aftei-ima<r('s is satisfactoriJj explained by the a>,sum{)l ion 

lliat a cheiuii*al change occurs at the back of the eye. In the case of the po'^itive 
after-image the chemical change has been so marked that it cannot bt' reversed 
]>y the action of the circulation immodiatc'iy the light-stimulus c*eas(‘s. In the 
case of the negative alter-hnage the affected parts of the retina become fatigued, 
and as a result the unaffected parts are more sensitive to light than those affect^‘d 
by prolonged exposure to light. The fatigue is not completely dissipated by the 
circulation for some little time, possibly even minutes. 

2. Colour Vision. 

Three-colour Theory.—A number of theories to explain colour 
vision have been put forward, but no one of them seems to explain 
all the phenomena comphTely. In the Yo^wg-TJehyiholtz three-colour 



Fig. I — The variation'; ot sensitiveness to ihe three colour components 


theory, put forw^ard originally by Thomas Youno in 1807, redeveloped 
by Helmholtz in 1867, and subsequently extended by other workers, 
it is assumed that the retina contains, in addition to rods which are 
msensitive to colours and seusifire only to differences w briffhtne^s, 
three different kinds of nerve endings (cones; see p. 113) sensitive 
to colours. One kind of cone is sensitive to reddish-purple, another 
to green, and the third to blue bordering on violet (fig. 1). According 
to J. VON Kries * (1894) the yellow spot contains cones only, whereas 
rods predominate in the marginal parts of the retina. 

If a ray of light of a single spectral colour falls on the retina, it excites all 
three kinds of cones, but in different degrees according to its coloui*. A red ray 
chiefly excites the cones sensitive to red, tho two other kinds being excited only 

♦ Professor of Physiological Optics at Freiburg im Breisgau. 
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feebly. According as the red has a tinge of yellow or blue, the cones sensitive 
to green or to blue are excited also. Yellow light makes itself manifest by exciting 
the cones sensitive to green and the cones sensitive to red to about the same 
extent, but the cones sensitiv(‘ lo blue only slightly. The sensation of white arises 
^v}len all three kinds of cones are excited to the same extent. 

1'he fact that two cowplementary colours (e.g. blue and yellow) too* tluT give 
vhite is at once intelligible on this theory. 

In agreement with the Young-Helraholtz theory there is tb(‘ be t that in 
making coloured illustrations it is possible to produce any sbcuh' of colour 
Irom three comj)onents (three-colour printing). The three culour^^ d aie re 1, 
yellow, and blue. The original in its natural colours is ])boto2:rap}jically 'plit 
lip into the three coloured components by the use of panchromati(' plates and 
in;}it filters which let through only a definite part of the spectrum. Then lluce 
different half-tone plat(‘S are produced, corresponding to the three pin4ographs, 
and are used to print the tbre<‘ colours yellow, red, and blue on top of oia anotht'i. 
Tlie spectra in the c'oloured plate (faiim: p. 158) are rejiroduced by puoces--. 

Three-colour Photography by the Maxwell-Ives Process.—Coloured ]h( hires 
may be 11iro^\n on a screen by a similar process. The object is photoiiraphf'd 
tliiiM' times through red, green, and blue glasses respectiv^cly. If lantern slides 
ar(‘ made from the three photographs and an* jiroji'ited si'jiaivdely by dilierent 
leiis(‘s tm to the same part of a screen, the same glass filter being idaced in front 
of ('aeli lantern objective as was used in making the photograph, the suja rpi »sition 
ot the three coloured imag(‘S reproduces the vaiiegated (olours of tlie fU’Udinal 
object very well. In this projection the eol<»ur ;\ellow is luodueed (additivf'ly) 
liy means of a mixture of red and green light; this is surjirising to jiaintiu.N who 
are used to working vitli pigmentary colour^., as .i red pigineiil au'i a green pig¬ 
ment do '/wf ghe \('llow (see p. 155). 

Autochrome Photography.—(dass plates are coated (e.g. bj^ the jii’oces' due 
to the LuMikKE brothers, l-yons) with a very thin layer containing star* h gTaniiles 
coloured red, green, and bluish-violet and only about mm. in diametei. the 
coating being so thin as to consist of only a single la\ci of granule- and so uni¬ 
form that at almost every point there are three diflereiitly-colour(‘d {granules 
adjacent. The three colours are so sdeeted that Ihiur .ulditivo mixture (Chap. 
YIT, §2, p. 167) is a fairly pure Avhiti'; the granules are so small and dislributc^d 
so closely and uniformly that the coated plate appears vhite to the eye. A very 
thin layer of photographic emulsion (sih er bromide) is then ]:)onred on top of 
this layer. Contrary to the usual practice in photography, the ubj(*ct is photo¬ 
graphed through the glass. A yellow screen is used, in order tiiat the blue light 
with its stronger photographic action may not have too strong an effect. iXow' 
if red light falls on a small area of the plate, say one scpiare niiiiiinetre, it will 
pass through the red granules but will be absorbed by the neighbouring granules 
of the other colours. YcIIoav light is about half transmitted b\' the green granules 
and half by the red, but not by the blue; similarly for other colonOnly tlie 
rays transmitted by the granules can affect the sensitive photographic layer 
(which is panchromatic, or equally sensitive to all colours (Vol. V)). W^hen the 
plate is developed by the usual method it wdU accordingly &h<»w blackening 
beliind a red granule if the granule was iUuminated by red light; less marked 
blackening is produced behind the red and green granules A^hen yellow light 
falls on them, and so on. If the plate is then fixed, the red granule becomes 
opaque to light, while the neighbouring blue and green granules are transparent, 
as in their case the silver granule is wanting. Hence when the plate has been 
developed and fixed in the usual way, bluish-green light will be transmitted 
at points which were illuminated by red light, and so on. Thus the picture obtained 
W’hen looked through exhibits not the right colours, but the colours complementary 
5to them. To obtain the correct colours it is necessary to reverse light and dark. 
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After development the plate, without being lixed, is plac(‘(l in a solution Mhi(*h 
dissolves tho silver bromide reduced in the development but not that whiidi is 
still unaliected by light. The plate is then exposed to a strong light and redeveloped. 
Si her LTanules are now formed in front of the starch granules which let through 
no lieht w hen the plate was originally ('xposed in the camera. positive is thus 
obtained, 'which when lookcsl through exhibits the correct colours. These Lumiere 
tran^panauies are <pnte good, especially when pnjjected on a screen; it is, how- 
ev(‘r, impossible to make prints from them in the ordinary A\ay. If tliey are 
looked at under the nii( roscope, or if they are projected on a screen and examined 
at close ([uarttTs. the starch grains of various colours can bo seim si^parately. 
The ])i’ocess does not a good reproduction of spi'ctra; flu* spectrum is split 
up into three parts scfiaratcd by dark bands coiri'sponding to the colours ot lh(‘ 
starch granule''. .Moreover, certain ngieiis of the spectrum are absorbed by all 
tho granules. As an example we may mention sodium light; a bunsen flame 
coloured with a sodium salt does not come <jut yellow iii the photograph. 

In the Agta colour idatcs iht^ fine partich^s which act as a liglit filter consist 
of an f'luuUKiii of coluurtd dro})lets of resin. As compared with the starch screen 
tlu'sc plates lia\ e the ad\antag(' of greater transparency. IToi'esses have recently 
bef'ii list'd, cspcci.dly in the production of cinema films, in which only fico eompU'- 
m(‘nt<iry (*olours arc employed; tho results are surprisingly good. 

Colour-blindness. -Devialion.s from normal colour vision an^ 
relerred to as <‘oloi{r-bli)Hlnrsf>\ llu‘ most common tvpf‘ of which is 
ml-fiHrn blindness (Ualtonisni: sec Vol. H. p. D). It is nuuiifested 
by the Jact tiuit the poison adlietcd with it cannot distinguish between 
red und green; for (‘xamphs a ripe strawberry appe^ars to him to have 
th(' saiiK' colour as the gr(‘en strawberry leaves. In another type pi 
colotir-hlindness. w^hicdi is much less (oninion, the person is unable 
to distinguish between blue and yellow. Tot«d colour-blindness, in 
which ii(‘ t'oloiirs <irc pcrcei\ed at all. is Muy rare. 

J)i''turbanccs of colour-vision are verx < ommon and much commoner among 
men than among ^v'omen (who on tho av(3rage have greater visual acuity in other 
re.s])(‘ct-' also). It is said that in (lermany 4 per cent of the men are markedly 
colour-blind, a further 0 per cent liavc a noticeable colour defect, and 10 per 
cent a defect which can be detected only by careful testing, so that 20 per cent 
have abnormal colour vision. Our knowledge of the sensations of tho colonr- 
blmd has lieen notably advancetl by the rare cases in which one eye is colour¬ 
blind and the other nonutd; for it is only in such circumstances that an exact 
description can be oOtained of the nature of the dcxdations from normal sensation. 
It may be mentioned, however, that the outer regions of the normal (ye are in¬ 
capable of perceiving colour. If a person under experiment is made to look 
intently ancl directly at a point without moving the eyes, and coloured discs 
are gradually brought farther and farther into his field of view% these discs are 
seen as such long before the piTson can tell their colour (or shape). In this way 
it is also easy to establish the fact that the regions of the retina which are capable 
of percching the various colours differ in size. Certain disturbances of colour 
vision may also arise from the use of drugs. 

It seems to be established that persons with red-green blindness see all the 
longer-waved colours, i.e. red, orange, yellow, and yellowish-green, as yellow, 
the shorter-waved colours, i.e. greenish-blue and bluish-violet, as him, and the 
intermediate zone, green to greenish-blue, as neutral grey. 

Colour-blindness is explained by the assumption that all the types of oolour- 
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sensitive cones are not equally well developed in the retina. LviiMm (1904) 
explains total colour-bHndnoss by the assumption that in such cases the yollo^v 
spot contains rods (see above), whereas in persons with normal colour vision it 
contains cones only. 

Vision by the Rods.—The rods, although incapable of dctectiiur 
colour, are more sensitive to light than the cones. Hence when 
illumination is feeble, e.g. in a landscape seen by moonlight, vision 
takes place entirely by means of the rods, and hence no colours ar** 
seen; all objects appear grey, differing only in intensity. If the eye 
is directed straight at an object, its image is formed on the yellow 
spot, which is devoid of rods. For this reason objects looked at directly 
in a poor light may vanish, c.g. a very feeble star disappears when 
one looks straight at it, ])ut reappears when one looks at a point near 
it. 


As a result vision in a poor light is of an uncertain character. A nervous 
and superstitious person may imagine he sees ghosts at night which sHp away 
and vanish when be tries to observe ttumi earcfull 5 \ The phenomena of the 
so-called grey gloio also depends on vision by the rods. If a wire is heated elec¬ 
trically and watched by an observer in a perfectly dark room, before reaching 
<lull rod heat it becomes visible with a peculiar light, which excites the rods before 
the J(\ss sensitive cones react at a slightly higher temperature (see Vol. A 

Colour and Intensity.—For the intensity of the colours of the 
spectrum see fig. 19, p. 31. When colours gradually fade as the sun 
sets the sky remains distinctly blue long after other colours are in¬ 
distinguishable. At other times the sensitiveness to blue also persists 
long^T as the intensity diminishes than that to other colours (Purkinje’s 
p}i(‘iioraenon). As the intensity increases all colour sensations eveiitu- 
.illy ])ass into the sensation of white. The tint of the colour seen theie- 
lore de])eiiJs on the intensity of the stimulus. 

Coloured After-images.—^The occurrence of cohured afler-imagts 
(ii i, p. 269) may also be explained by the Young-Helmholtz theory. 
11, for example, we look steadily at a brightly coloured object, e.g. 
a strip of red paper, lying on a uniform grey background, for about 
10 to 20 sec. without moving the vyc from the place, and the red paper 
is then removed suddenly, an after-image consisting of a bluish-green 
strip of the same shape is seen at the place where the paper wa^. 
Owing to fatiguing of the cones vsensitive to red, the sensation of red 
derived from the uniform grey illumination is enfeebled and th<‘ 
subjectively perceived bluish-green arises from the green and blu(^. 
(components, which are stronger (because the cones on which they fall 
are not fatigued). 

3. Optical Illusions. 

Contrast effects, as a result of which an object invariably appears darker 
on a bright ground than it does on a dark groimd, are partly due to physio- 

CKG18) 19 
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logical causes. If we look at a bright surfacje, the whole of the retina is subject 
to a definite amount of fatigue which does not occur if we look at a dark surface. 
The whole retina is therefore more sensitive when a dark surface is looked at 
than when a bright surface is looked at: hence an object lying on a dark surface 
IS perceived by a less fatigued retina, i.e. it appears lighter. The contrast effect 
may be well observed by Jaying a strip of grey paper on a bla( k surface and a 
Mniilar strip on a wliite surface; the former strip vjU appear lichfer than tlu* 
latter. 

If we look at the outline of a wood w^hieh stands oiu dark against tlu^ slv> 
and then raise the eyes a little higher, w^e see a bright rim parallel to the oullini 
of the wood, which apj)ears brighter than the rest of the sk}% because the light, 
from it is falling on a rested or less fatigued portion of the retina. Owing 
continual sliulit involuntary rotations of the eyeball, a dark object usually appeal s 
surrounded l)y a brighter rim and, for the same reason, a briglit ' I'jed bv a darkiT 



rim. A painter can greatly increase the naturalness of Ins ])i(duTes by taking tins 
phenomenon into account. 

Colour contrasts ai(' also j>artL due to the same lause. A piece of grey paper 
lying on a red snriare appears greenish, wliere<is the sanu' paper on a green back- 
LTOimd looks reddish, in the former case the retina has been fatigued all over 
lor red light, in the latter case for green light. 

Alvidly-coloured objects appear surrounded by zones of the complementary 
i oloiir, analogous to the bright and dark margins mentioned above. 

The Colours of Shadows. —^If wo illuminate a whit(‘ surface with red light, 
the shadow of a stick placed in front of the surface u])pcars greenish. The sky 
b(‘bind red clouds at sunset appears green. The griy night sky often appears 
of a deep blue' when looked at through the window of a room illuminated by 
a yellow paraffin lamp or electric light. 

In all contrast c‘ffects there are psychological causes at woik also; for when 
slight differences are directly compared they are apt to be overehtimated. 

Illusions of magnitude arc also of interest; th<‘sc arise from ])urely psyebo- 
logical causes even when the tw^o objects compared arc identic id and are looked 
at from the same distance (i.e. have the same apparent magnitude). Thus of 
the two squares of'fig. 2, which arc shaded in different w^ays, the left-hand one 
<ippear 3 higher than it is broad, w’heroas the right-hand one appears broader 
than it is high; similarly, the left-hand sector of a circular ring in fig. 3 appears 
larger than the right-hand one, although the two are congruent. The fact that 
we may be subject to illusions of shape also is showm by fig. 4. 

Irradiation. —Bright objects, particularly when the eye is not focused exactly 
for them, appear larger than dark objects of the same size, because each luminous 
point gives rise to a circle of confusion on the retina, which apparently mag¬ 
nifies the bright boundary. The briglit crescent of the new^ moon appears to 
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belong to a larger circle than the rest of the surface of the moon \vheu the latter 

ri'^ihle at the same time. The brightl>' luminous filament of an electric lamp 
apj)ears several times as thick as it really 
A peculiar illusion arises chiefly in 
< onuexiou with the apparent ma.gnitudc 
of the sun. In aU pictures in which the 
sun appears it is found that the artist, 
following his sensations, has paint(‘d it 
much too large relative to other objects 
^hown in the picture; often it is as mucli 
as forty times too large. In photographs 
of J;uKls('a})cs which include the sun, the 
latter always appears “ unnaturalI 3 ’” 
small, as the lens of the camera depicts 
i< on the correct scale. 

Judgment of Distance —Tliis is sub¬ 
ject to m,inv illusions, most of which 
have a ps\ chologhal basis. In a hazy 
atmospluae one is apt to overeslimate 
distances owing to th{‘ Iflurring of the 
outlines of objects, whereas in the cfiviT 
ail of high mountainous regions, and aKo 
at the seaside in ckvir weather, objects 
appear nearer than they really are. The 
power (»f estimating dist.mces aeeuratcK and reliably can only be acquired by 
>\stematic practice. 

That the sun and the moon a])j>ear larger near the liorizoii than at the zenith 
diH^ to the fact that tlu' sky apj)cars to us not as a hemispheTO but as a flat- 
timed segment of a sphere (tig. 5). Two reasons may be given for this: ( 1 ) distant 
olqects on the earth’s surface always ajipiNir somc\^hat indistinct, as the ra^ s 
irorn them l)avt‘ to travel over long distances in tlie hazy layers of air next the 
around; heucM:‘ thc\ seem mori* distant tlinn tfiey really are (atmospheric illusion). 
On tlie other hand, tin* more or li'^s vertical ravs traverse onlj" a thin layer of 
the iiazy pari of the atmosphf*re; stars near the 
/enitli appear shar]! and relatively nearer. ( 2 ) 

.\ugles of elevation are overestiniated, perhaps 
bia-aiiso the muscular effort required to raov'C the 
axi.'s of the (yes in a v ertical plane is greater than 
for a liorizont al jilanc. For (‘xample, if we try 
o( ular estimation to fix a point in the sky which 
is ('(juidistant from the zenith and the horizon, 
i.e. which has an angular ekwation of 45*^, we jdace it much too low, at about 
22 ~ (as w’c may easily convince ourselves by subsequent measurement). Now 
as th(' distances of points in the skv near the horizon appear gi'catcr than in the 
neighbourhood of the z(mit}i. objects Avhieh actually Bubteiid equal aiiules at 
th(‘ eye appear larger the nearen* tlwy are to the horizon. 

The fact that the eye has to accommodate to a definite extent to see objects 
al a definite distance shar}>ly has only a minor bearing on the judging of dislances. 
<Mir sensation of muscular effort in the ciliary muscle which brings about aecom- 
modation only affects our judgment of disianeea at close (piartcrs (within (nu? 
metre). Greater importance attaches to the angle included between the axes 
of tlus two eyes when we look at an object with the twn eyes simultaneously 
or observe it successive!}" from two diffcTcnt points at equal distances from the 
object (§ 4 ). Distant objects are then apparently displaced ](‘ss than nearer ones 
<(parallax; sec Yol. 1 , p. 10 ). 



5 --App.ucnt ‘'hapt' ol the sKv 
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4. Binocular Vision. 

Jn binocular vision a retinal ijnago is formed in each eye; under normal 
conditions, however, the two retinal images are consciously perceived as a single 
impression, especially if the images are formed on the yellow spots of the two 
eyes. This is explained by the fact that the two optic nerves intersect behin<l 
the eyes; each nerve-ending in one eye has associated with it a nerve fibr<^ 
whicli coalesces with the nerve hbro of the corresponding nerve-onding in th(‘ 
other eye. Two points of the retina such that the corresponding nerve fibres 
coalesce with one another are? called corresponding points or conjugate points 
of the two retime. \\ hen we look at an object M (h‘g. b)* involuntarily direct 
the eyeballs in such a way that the }>oint of the object that we are fixing th(‘ 
eyes on give> rise to iniage.s at the yellow spots of the two eyes {g^ that ib. 



0 .—Production of the con- 
jug'itc images in the two eyes 


M 



Fig 7 —An object hmg 
nearer than the fixed object 
M appears double. 


BO that the puint looked at lies on both optic axes. A point G on the plane EE 
wdiich is paivdlel to the line joining the two eyes, i.c. has all its points at approxi¬ 
mately tlic same distance Irom the two eyes, like M, gives rise to an imago 
in the left eye and an image in the right eye. These two jioints are conjugate 
points ol the retime of the two eyes, for the two-fold imago of G produces only 
a simile sons(‘ impre^^iou. In both eyes the conjugate points lie on the same 
si(h\ both to the left or both to the right of the ycUow spot. Similarly all images 
formed on the retina by other points of the plane EE are produced at conjugate 
points m the two eyes. 

This is not true if the objects arc situated like M and N in fig. 7. If the object 
M is looked at lixedly with the two eyes, the nearer point N gives rise to two 
retinal images a and h which are on different sides of the yellow spot in each 
eye. These points arc not conjugate points. Hence if we look fixedly at a distant 
point with the twT> eyes, we see a nearer object double. Similarly if we fix our 
gaze on a near object a remoter object appears double. 

If the distance in depth (i.e. along 1 he line of sight) between M and N is not 
too great, the tw o different retinal image.^ of the point N coalesce when we look 
at M, and form a single blurred image. 

From the imperfection of the superposition of the two images a and h we 
infer that the distance of the point N from the eye differs from that of the object 
M w hich we are looking at. On this depends our capacity for directly perceiving 
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differences in depth, i.e. of seeing natural objects solid (atereoacopic * vision). 
Stereoscopic Vision. The retinal images of an object with “ depth ” which 


J jg. 8 * - The two images ot ,i pjramid Fig g The two images ol a hollow pm.udkI 

are produced bimultancously m the two eyes are not the same. For (example, 
if we look from above at a square pyramid standing with its square base on 
a table, the retinal image in the left eye resembles the left-hand side of lig. 8, 
that in the right e^e resembles the right-hand side of the same liguro. Tfje left 
<ye sees more of the left-hand side of the pyramid and the right eve more oi the 
rmht-hand side; in both eases the vertex of the pyramid appears displaced to- 
u.irds the nose* side. Oonverseh, when we look into a hollow pyramid the 
if‘tinal images in ihe left and light eyes respectively are as shown in tig. b; the 
vertex ol the jiyramid appears dhplaced away from the noSe. 

If we look with tho left eye at the left picture and simultaneou'-lv Auth llie 
MLiht eye at the right picture in fig. 8 or fig. 9 (aiding tlie vis5f»n jihmng a 
pa (*(' ol paper at right angles to the line joining 
th(' two pictures and looking on either side of it) 
so that the two component pictures fall on conju¬ 
gate' points cjf the two retinie. avc obtain tho same 
lotal impression as if we had a three-dimensional 
model of a raised or hollow' pyramid in front of us. 

The Stereoscope. —To facilitate the observation 
ttl the tAVO pictures separately, one by each eye, 

V cirious types of special apparatus have Ix'cn de- 
'.iLuied. 

In Wheatstone’s t mirror stereoscope (1838) 
tlie two component pictures are set up at k and 
f/ and reflected by the two mirrors a and b at right 
angles to one another. In the mirror a the left 
(‘ve se("s only the picture at k, avIuIc in the mirror 
h tilt' right eye secs onl3^ the picture at g. The combination of the two component 
))ic lures to form a single picture is explained by the paths of the rays in fig. 10. 

In BreAA^stcr’s prism stereoscope (1849), shown in fig. 11, the action of the 
two prisms and Pg is such that the two eyes /, r see the component pictures 
L and li as if they were suptTposed. The usually accepted view is that t hese images 
are superposed in a plane 1) behind the image plane; a different view, how^ever. has 
bc'cn put forward by French, t who suggests that the combined image is formed 
in the image plane, just as in the mirror stereoscope alread^^ described. The 
}>risni8 are obtained by cutting a large convex lens m half and iuHorting the 
(•arts into the stereoscope in such a way that the sharp o(lg('b face one another. 

* Gr., aterwhf a solid body; skojjelnt to see. 

t ChabIjBS Wheatstone (1802-75), originally an instrument-maker, was made 
professor at King’s College, London, as a result of his numerous discoveries and inven- 
tions, and subsequently uved as a private gentleman on the income derived irom Ins 
lUA'entions; he was one of the most successful of practical physicists. 

J Transaction of the Optical Societyt VoL XXIV, p. 226 (1922). 


(onihuiea imfijji 



Lett thijld 
Eye 


Fig. JO. —Path ol tiie rav*! in 
Wheatstone’s mirroi sttieoscope 
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Thus not onJy are the rays given the desired path but the perspective (p. 125) of 
the pictures observed is improved and they are magnified. 

Stereoscopic pictures may also be recombined by using an opera-glass from 
which the eyepiece has been removed, if the objective is held imm^ately in 
front of the eyes, i.e. if one looks through the “ wrong end ” of the opera-glass. 

Helmholtz’s telestereoscope, of which a good idea may be got by imagining 
k and g in fig. 10 replaced by two mirrors parallel to a and 6, has the effect 
of considerably magnifying the distance between the observer's eyes; prism 
binoculars act in a similar way (p. 136). If one looks at a landscape through 
these instruments its depth appears greatly extended. A further effect of the 
magnification of the distance bet^veen the eyes, probably psychoiogical, is that 
the apparently distant parts of the landscape then appear smaller than tv hen 
they are observed directly, although the angles subtended at the two eyes are not 
diminished. 

^ The Stereogoniometer. In aerial survey work, 

the methods of mapping from air photographs 
suffer in most cases from two limitations: then 
require a fairly dense ground control ot height^ 
for contouring, and they lannot be applied to 
the survey of liilly country, unless accuracy b< 
saeriliced, without certam mathoraatic<il compJi 
cation^. These limitations arc oviTcome in the 
steroogoniometer designed by Barr and Stroud 
Ltd. and embodying the invention of Dr. HEisin 
FoiTKinjiE. This instrument has been used in the 
production of topographic maps by iho Geogra])ln 
cal Section of the British War (c, 

Kssentially. the instrument consists of a tbreo 
dimtuisional measuring stereoscope, wliicii may b(' 
used to establihh scale and level on a bare mim 
mum of ground control, a process comparab!(‘ VMlb 
the use of a theodolite in executing sci'OikI^hw 
trian^Illation on the ground. 

If two photograjihs are taken without altt; 
iuLf the principal point or principal distance ol 
the camera, there are five vva;^ s in w hich oorre^ 
pondence between any common points may lx 
dtibtroyed: 

(1) and (2) Either photograpli may be rotated in its owm plane about an 
ooinciding with the plate }ierpendicular; 

(3) One photograph may be rotated about an axis coincidmg with its ba^^' 
line (or line of flight); 

(4) and (5) Either photograph may be rotated about an axis passing through 
its principal point and perpendicular to the base line. 

The principle of the steroogoniometer is based on the fact that geomeirical 
coiT(>spondence can be restored by means of these same five movements and, 
once correspondonce has been restored, the two photographs will occupy the same* 
relative position to each other and to the base line as they occupied at exposure 
In the instrument, the counterpart of the base line is known as tlie polar 
axis, and the axes mentioned in (4) and (5) are known as dedination axes. 

The essential parts of the instrument are shown in fig. 12. 

The goniometers (9), in which the air photographs are plai ed, are earned 
on declination axes at right angles to, and carried by, the polar axes. They are 
provided with camera lenses and are generally similar to skeleton cameras. 


1 \ / 
\' / 

I \ / 



Fig. 11.—Brc*wstcr’'s prism 
stereoscope 
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Getting taoi€.inenis in the inbtrument are as follows. 

{a) Rotation of either of the rings (10), carrying the photographic plates, 
about the plate perpendicular This rotation can be finely adjust^ and 
measured 

(6) Rotation ot cither goniometer about its decimation axis. 

(c) Polar rotation of the iight-hand gomometer only, about its polai axis, 
performed b\ nu ins of the head (12) 

The photographs illuminated by artificial hght, are examined stercoscopually 
in a prismatic telescope. BeanLs of hght from the photographs aie refracted by 
the goniometer leuies (S) and, emerging as approximately parall( 1 beams, arc 



f (le( ted by the pi me mirrors ((») uiel (7) into the objectives (■»') of i bmoculai 
r<^les(ope provided with tloating maiks (3) in the foe il planes ot the obie(tive^s 
Before forming images m the jiline of (3) the light ib leflectcd b\ right aiigleel 
prisms (4) lma£i( s foimcd in the jilane of (3) ire exammed, together ^Mth the) 
floating marks, thiuugh the evepiere lenses (1) Two typers ot mtercb *rueabio 
marks (3) are provided The lenses (2) aie erecting lenses 

lo enable diflerent areas of the photographs to be brought under cxami 
nation the folkovmg additional ohsermihonal mentmenis die provided 

(а) The handwheel (13) rotators both gomomcteis simultamouslv about the 
])o]ai «i\is changes m “polar bearing” being re^ad by means of the scale 
and \emier (11) 

(б) riio handwheel (15) translates the two mirrorb (b) and (7) together m 
a left and right direction The handwheel (14) similirH tianslates the 
right hand mirror (G) onl> As each nuiror cainei is tianslated the 
mirrors are automatically rotated by the amount necessary to reflect the 
fixed lines of eolhmition ot the tele be ope into the goniometer lenses 

Twice the amount of rotation of the mirrois is equal to the oorrespondmg 
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fotatit)u of the sighting rays between the lenses (8) and the inin’ors and is read 
directly—without multiplication—on declination scales on the mirror carriers. 

When the instrument is properly adjusted, a pair of photographic images 
will be in correspondence wdien they appear to lie an equal distance above or 
})elovv the floating marks. 

iW working the live setting movements, the w^hole of an overlap formed by 
I wo photographs can be brought into correspondence. 

Stereoscopic eyepieces in microscopes are frequently used examine the 
'spatial conhgiu'alion of the object under investigation. This is possible in spite 
of the extremely small range in depth of the microscope, as owing to tlic high 
numirical aperture of the objective the angle between the two directions from 
w^hich the prepiu*ation may be looked at the two eyes can be made quite 
h»ig(\ The subdivision of the penril of rays into portions traversing diflerent 
may be brought about in a number of w^ays which wo cannot discuss in 
det.di here. 
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E\Hniples A (pp. 1-79) 

1. How jv tlH‘ roctilinear propagation of light explained by the wave theory? 

I )is( the diH’ractioii effeets produ(3ed by (a) a straight odge^ and (b) a narrow 

o))f(‘(*t >'iieh as a wire. 

(( 7 . Tnpoa, PL /.) 

2. < d\e tlje r lenientary theory of diffraction at a straight edge, and show how 
vou would demonsthe phenomonoji (*\perimentally. Explain hov measure¬ 
ments of ihe (lilfi.u tuai pattern observes:! in the sluulow of a wire can fx^ uscxi to 
form m estnuate of tlie was (‘-length light. 

(Oji. F.) 

3. i \i\ e an account ot Huygens’ theory of wave propagation and interlereius'. 

(Hk F.) 

4. Sh(»\\ how the nature of the cJjfiraetion fringes seen in the shadow of a 
straight edg(‘ (Hti he (‘xphiiiK'd. 

Light issuing from a slit throws a shadow of a needle, p.iraliel to it, on to 
.m eye-piece. J)es(‘Tihe what is seen in monochromatic light, and dismiss tin 
efleet of diminishing the breadth ol the needle. 

{Br, F,) 

5. Wduit In the international standard of illuminating powder? A lamp of 
KX) can(ll(‘-po\ver, aU the light from which can be considered to come from a 
point, is f)lace(l at the centre ot a sphere of radius 12 cm. Thti inside of the sphere 
is blackened and a cireidar hole i cm. in diameder is cut in it. Wdiat is the in- 
tensitv of illurmnaluai on a sereen placcnl 48 cm. from the lamp and per¬ 
pendicular to the radius passing tJrough the centre of the hole? To what value 
is this clianged if a convex len.N ot focal length 10 cm. is placed over the hole? 
(See Chapter IV.) 

{Fheff, Inter.) 

6. Deserihf* a form of photometer for the accurate comparison of the illuminat- 
ins pow(‘r of two sources of light. How would you use it to determine the mean 
horizontal candle-power of an incandescent lamp? 

(Load. Inter.) 

7. DistinguiNh between illuminating power and intensity ot illuminatirui. 
A 100 candle-power lamp is susjiended 20 ft. above the middle of a road which 
is 20 ft, wddo and horizontal. Find the intensity of illumination at a point on 
the edge of the road nearest the lamp. 

{Lomi. Inter.) 

8. To a man looking into still water the depth appears less than it reall> is. 
How does this illusion arise? What would bo tbo apparent depth of a pond 8 ft. 
deep, the refractive index of water being 1-33? 
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y. Explain why a pool of water appciars lewH deep tlian it actually is, and 
deduce a relation betwoeti the index of rtdraction, the real depth and the apparent 
d(‘pth. Describe how tliis relation could be tested experimentally. 

{Br. Inter.) 

10. Describe the construction of a sextant, and explain how you would 
use the instrument to measure tlu^ a)t)tude of the sun above the horizon. 

(Birm. Jnter.) 

11. Describe how^ you woiild determine the refractive index water-air by the 
audilm method. Show that the result is independent of the material ot the 
plates used to confine the air film. 

{Br, F.) 

12. (1) \Vha1 are the conditions under which the total reflection of lij^ljt takes 
place? 

(2) How' would you use this property in determining the refractiv(' index ot a- 
liq u id ex pcTimenta 11y ? 

(3) What practical use is made of the total reflection of light by prisms? 

(/b. Inter.) 

13. Describe how you would find the focal length of a convex mirror. A 
circular source of light 1 cm. in diameter is placed at the focus ot a concave 
mirror of 30 cm. focal length. At what distance would the projected beam of 
light just be able to cover an aeroplane wdth a wing span of 60 ft.? 

{Birm. Inter.) 

14. What is meant by the focal length of a concave Jens? How' would yon 
ni(‘£isure it experimentally? 

A convex lens of focal length 6 cm. is plac(^<l in contact with a (jonc'a^e lens 
of focal Icjigth 18 cm. An object is j)laced 5 cm. from the combination. Wftcro 
wall the image be, and wall it be real or virtual? 

{Lorid. Inter.) 

15. Discuss the position, magnitude, an»i nature of the image of an object 
pla(‘t'd at distances varying from zero to infinity along the axis of (1) a concave 
spherical mirror, and (2) a convex 8pheri(‘al mirror. 

A concave and a convex spherical mirror are placed with their mirror surf.u'cs 
facing each other, at a distance of 10 cm. apart. The radius of curvature of each 
of the surfaces is 10 cm. An object 1 cm. long is placed perpendicularly to the 
axis of the mirrors and at a distance of 7 cm. from the concave mirror. Find 
the nature, position, and size of the image formed after two reflections. 

{Leeds Inter.) 

16. Distinguish between real and virtual images and explain the conditions 
under which a concave mirror gives rise to each. An object is 5 in. and the 
image 20 in. from a concave mirror. Find the radios of curvature of the mirror 
when the image is (a) real, and (b) virtual. 

{Br, Inter.) 

17. Show' by a graph the relation between the distance of an object and that 
of its image prrxiuoed by a tliiii convex lens. Include in your graph the relation 
both when the object is real and when it is virtual, and show by a diagram an 
arrangement for investigating the latter case experimentally. 

Kxplain how you would determine experimentally the refractive index for 
sodium light of the material of a thin convergent kns. 

{Br. Inter.) 

18. The two perpendicular face^ of a right-angled prism of glass are both 
4 cm. square. Examine the effect ol the prisrii on a narrow pencil of light incident 
normally on the middle of one of these fact^s from an illuminated pin-hole placed 
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24 cm* from the face, (a) when the face is truly plane, and (b) when it is convex 
with a radius of curvature of 120 cm. The refractive index of the glass ia 1*5. 

(Skeff. Inter.) 

Examples B (pp. 79-140) 

1. Prijve that the focal length of a system of two lenses, of focal lengths 

/i and /g, distant d apart, is E, whore 4 ^ F 7 rj' 

E ft /2 / 1/2 

A telephoto lens consists of a convex lens facing the object with a divergent 
lens behind it. The focal length of the first lens is 10 cm., of the second 4 cm., 
and they are 7 cm. apart. Find where the plate must be placed to photograph 
a distant object, and the size of the image if the object subtends 1°. 

(Man. Inieu) 

2. AVhat are the cardinal points of a lens system? 

A glass sphere of radius r and refractive index p is used as a thick lens, its 
aperture being made small by the use of suitable stops. Find the focal length 
and the po'^ition of the two principal points. 

{C, Tripos. Pt. I.) 

3. Define the cardinal points of a coaxial lens system, and explain how the 
poMtion of the imago of an object on the axis can bo determined wLen the posi¬ 
tion of the cardinal points is known. 

Deduce the po.sitions of the cardinal points of a glass hemisphere in air. 

(Br. F.) 

4. What is meant by (1) the optical centre, and (2) the nodal points of a 
thick lens? 

Deduce Helmholtz’s formula which expresses the magnification in terms of 
the divergence of rays before and after reaction by a lens, and show that in 
the case <^f a thick glass lens in air the nodal points coincide with the points of 
unit matmificatinn. 

(Br, F.) 

0 . Explain the optical properties of the photographic camera. 

AVheii a caraeia is in focus for distant objects the ground-glass screen is 6 in. 
from the lens. When the bellows are fully extended the screen is 7 in. from the 
lens. What is tb(' smallest distance from the lens at which an object can be 
] photographed? 

(Br. Intel.) 

f). Describe briefly the optical lantern, explaining the function of its lenses. 

A slide 3 in. square is to be projected on to a screen 100 ft. from the slide, 
the image to be 15 ft. square. Where must the objective be placed, and what 
must be its local length? 

{Duhl. InUi.) 

7. Describe the human eye, and compare its action with that of a canuia. 
What do you understand by long and short sight? How are these defects remedied? 

(Fhir. Inter.) 

8. Deduce an approximate expression for the resolving power of a telescope. 
Why is it that stars which are not vihildo to tiie naked eye in broad daylight 
can be seen through a telescope? 

(Br. F.) 

9. What ia meant by the resolving powder of a telescope? Deduce an expres¬ 
sion for it. 

What effect has the eye-pieoe on the resolving power? 


(G* Tripos^ Pt, L) 
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10. Whal is meant by the resolving power of a lens? If a lens of focal length 
/ is used to form the image of a double star whose components subtend a small 
angle 6 at the earth, what must bo the aj^ertiiro (d) of the lens in order that the 
image may consist of two bright circles just touching one and her? 

(Br, F.) 

11. Ihscuss the phenomenon of diffraction, illustrating your ansAver by con¬ 
sidering in detail one of the following cases: 

(r/) The distribution of intensity along the axL of a circular aperture illum¬ 
inated by monochromatic light from a point source on the axis. 

(6) The distribution of intensity in the focal plane of a convergent lens 
illuminated a parallel beam of monochromatic light, the apeiturc of thc^ lens 
being limited by a slit. 

{(\ Tr/p(h^, Ft, L) 

12. Jlescribe the construction of a modern tield-gla^h, c*xplaining how 

(1) tlio jiroduction of colour efiects by the object gla<^8 is a Avoided, and 

(2) the f^rt^ction of the final image is secured. 

{Be. Inter.) 


Kb SiiTAcv the principles govcinmg the resol\mg power of optical iiistru- 
m(mt^. "The limit of resolution of the iniciosiopc is attained as hen tlie total 
magnifu'ation is about 900/’ Justify this statement. 

F.) 

14. Draw’ a diagram showdng the jiath of ra\s tlnotuli a compound micro 
scope As^heri the image is formed coiiKident Asith the oi>jCvt at the distance of 
distinct vision. 

If this distance is 28 cm., the distance of the object from the objc( tive 4 cm., 
and tlu' miiLuiitving poAver of the instrument 14, lind the focal lenullis of the 
Icnsch. 

{Mitu. inieu) 

15. Show that an object ajijie.us equally blight at all distances provided 
tb.it it is an cMcnded one. vSbovA also that the image of su( h an objett formed 
b> a lens or a imrror cMiinot be brighter than the objia t its(4f. 

(Bhejf. Infer ) 

16. Describe and explain the defects of vision known as long siglit, short 
sight and astigmatism, and show how' each of Ibom can be corrected. A man 
Avhose n(‘ar point ” is one metre requmes spectacles to enable him to read small 
print at a distance of 20 cm. from his eves. (Calculate the nature and the focal 
length of the lenses required. 

(Birm. Inter.) 

17. Prove that in the casi* of refrac tioii at a single spherical surface there is 
one jiosition of the object point for which the image is also a. point. State any 
application of this aaIucIi is made in practice. 

{Land. Hons.) 

Examples C (})p, 149-173) 


1. Describe the construction of a sx)ectroscopc and show bow you Avould 
us(‘ it to obtain a sjiectrum of sunlight. 

How do Aou account for the fine dark lines AAhi(*li cross the spectrum of the 
li'dit from the sun? 

{Birm. Inter.) 

2. AVhat is the relationship between the angle of minimum deviation of 
buht ]>assing through a triangular prism of glass, the refractive index ot the 
class, and the refracting angle of the prism? How would you arrive at the cqua- 
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tion connecting them? Explain the construction of a spectrometer. How would 
you use the instrument to measure the refractive index of a piece of glass in the 
form of a prism? 

(fJirfti, Inter.) 

3. Describe an experiment to show the comj)osite nature of wliite light. 
Explain what primary and comjderaentary colours are, and say how you would 
iletermine experimentally the colour which is complementary to green. 

Why should yellow and blue pigments when mixed appc.ir green ^vhilo 
a mixture of yellow and blue lights appears whit(‘? 

{Sheff. Inter.) 

4. Describe the chromatic defects of a simple lens when used to produce an 
image of a source of white light. 

How would you devise a convergent lens wliich is free from the^e dcfect^s? 

(/b*. Infer.) 

5. Define dispersive power. 

Given two lenses in contact, of focal lengths L and L, and of nnihu ials A\ith 
dispersive powers Di and D 2 respectively, find the condition for achrcunati^m. 

iO, Tripoi^, Pi. J.) 

fi. Deduce a formula for the variation with wave-huigth of tiic rclraidive 
index of fi vapour in th(‘ n'gion of an absorption hand, describe how tiu' formula 
has Ixm:'!! verifii'd experimentally. 

[Hr. Huns.) 

1. Describe and discuss the essential feat-ures of the (piart/ pri‘<ui .spcctio- 
uraph. In such an instrument the quartz prism is equilateral, the sides biing (>f 
length 7 cm., and the middle ray of tlie spectrum, X -- 29(>3. pas.^es through the 
prism at minimum deviation. Determine the linear dispersion along the photo¬ 
graphic plat(‘ and the maximum resolving power of this instrument in the region 
/ 29t)3. The refractive indices of quartz for the wave-lengths >. --- 2740*7 

and A - 3178*8 are 1*5875 and 1*5729 respectively; the focal length of tlie 
<‘am(*ra lens for X --- 2963 is 45 cm.; the surface of the photographic jdate makes 
an angle of 22° with the axis of the lens. (Sec page 211.) 

Hons.) 

8. Describe and discuss the various defects of the simple knis. 

{C. Tripos, PL L) 


Exam]lies J) (pp. 173-212) 

1. What conditions are necessary for two beams of light produce inter¬ 
ference fringes? Explain how such fringes may be formed {a) vdth a jilaue mirror, 
and (h) with a biprism. 

(C. T) ipos, PL I.) 

2. Discuss the production of interference fringes by tvo similar point sources 
of monochromatic' light. 

Explain carefully how you would obtain such fringes in practice, and bow 
you would use them to measure the wave-length of the light employed, 

{C. Tripos^ Ft. I.) 

3. Given two pieces of plane glass, mounted so that the angle and distance 
between their surfaces can be varied, describe how you would obtain (a) straight 
and (b) circular interference fringes. 

Explain how you would measure the angle between the plates in the former 
case and the distance apart in the latter. 


(C. Tripos, PL L) 
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4. Describe the MicheLson mterferometer, and explain how it is used to obtain 
(a) straight fringes and (6) circular fringes with monoohromatio light. Under 
what conditions may fringes be obtained with white light? 

indicate briefly any of the uses to which this instrument has been put. 

(Man, P.) 

5. (^ive the complete theory of the plane diffraction grating and sketch the 
form of the interference fring<‘S in the case of a gratmg wuth a given small number 
of lin(‘^. What advantages result, from the use of gratings ruled on curved siu- 
fa( (‘s? Di'seribe a metijod of mounting such a grating. 

{Man, l\) 

0. Explain the action of the plane diffraction grating, and show how to cal¬ 
culate the angles at which the various spectra will occur. Distinguish between 
the dispersion and the resolving power of such a grating, and show what eacli 
depends on. 

(Man. P,) 

7. Describe a method of producing interference fringes with white lights 
indicating tlie special conditions required. What would be observed if hori¬ 
zontal fringes of this kind were view'ed thi-ough a spectrograph with its slit (a) 
horizontal and (h) vertical? 

(C, Tripos, Pt, 1.) 

8. Explain how' the w\ave-icngth of the standard red cadmium line has been 
accurately determined. 

{Br. Hoifb ) 

9. Give the thcc)ry of (a) an echelon grating and (6) a Lummer-Gebreke 
plate. 

A certain echelon gratmg consists of 25 glass plates {\i -- 1-500) of 20 mm 
thickness and step width 1 mm. Calculate the approximate order of tlie spectra 
observed and the resolving power of the giatiug for a wave-length X = 6 x 10‘^ 

cm., given that -ffK). and assuming that the angle between the incident 

and ciiK rging ray is small. 

(Br, F.) 

10. Describe a method of measuring the refractive index of a gas. In an 

expeiiment with a rfamin interferometer the length of the gas-flUed tube was 
20 cm. On changing the pressure of the gas by 70 cm. of mercury, 70 fringes 
passed the cross-wire of the observing instrument. Find the refractive index of 
tiic gas at a pres->ure of 70 cm. of mercury and at the temperature at which the 
cxpmnu'iit wa^ carried out. (X — 5-89 10“^ cm.) 

(0. Tripos, Pt. 1.) 

10. Explain the colour effects obtained from tliin films of transparent sub- 
.stanccs under certain conditions. Indicate what these conditions are. AVhat 
conditions are necessary before similar colour effects are obtainable with thick 

plates? 

(Liv. Hons.) 

12. An arrangement of equal pai'allel slits in a screen, spaced so that the 
wddth separating slits is double the \ndth of a slit, is illuminated by light frimi 
a parallel, distant, slit. Find the value of the intensity of illumination transmitted 
by the set of slits in different directions. 

(lAv. Hons.) 

13. How is the “ visibility ” of a system of interference fringes defined? 
Describe J\li( lielson’s method of analysing spectral lines by measurements of the 
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risibility of fringe systems. Describe how observationii of fringe risibility have 
yielded an estimate of the apparent diameter of stars. 

(Lond. Hons.) 


(If Ij is the maximum intensity of light, in a fringe system, and Ig the miiii- 
muin, the “visibility of the fringe system” is defined as the quantity 

If, with Miohelson’s apparatus, the spectral line has a tine structure, then as the 
|)ath difference between the two interfering sources is increased the visibility of 
th(‘ fringe system changes periodically according to whether the fringe systems 
produced by the diff«Tent components of the line arc? “ in or out of step Sec 
p. 1<)6.) 


14. Explain the respective effects of long path difference and semi silvering 
on the nature of fringes in the interference phenomena shown by two paralU l 
glass plates. 

(Br, Hons.) 


15. Describe and give the theory of the formation of fringes obtained with a 
l abry-P^rot intc^rferometer. Discuss the advantages to be gained by half silver¬ 
ing the surfaces. 

(Loud. Hans.) 


Examples E (pp. 218-280) 

1. Write a brief account of two methods of measuring the velocity of light, 
one an astronomical and the other a terrestrial method. Compare their a<l\aii- 
tages. 

(8heff. Inter.) 

2. Describe how^ the velocity of light in air and in w^ater has been measur(‘d 
dii’cetiy and explain how the results support the wave theory of light. 

{8heff. Inter.) 

3. State tiie principal facts of the polarization of light by reflection from a 
glass surface, rind describe the experiments you would make to investigate 
them. 

(C. Tripos, FU I.) 

4. V hat is ine.iiit by (a) plane polarized light, (6) circularly polariztid light, 
and (c) ollipticall^ polarized light? How may each of these be produced? How 
would you distinguish between (a) unpolarized light and circularly polarized 
light, and (b) elHptically polarized light on the one hand and a mixture of plane 
polarizeil light and unpolarized light on the other? 

(( 7 . Tri/poSy Ft. /.) 

5. A thin wedge of very small angle, made of quartz, and cut so that the 
opti(; axis is parallel to the edge of the wedge, is viewed between crossed Nicol 
prisms in monochromatic light. Describe and explain the appearance of the 
wedge. How does the appearance altiT as the wedge is rotated in its own jiioic 
between the NicoLs? 

(Man. F.) 

6. Give a descriptive account of the optical properties of transparent crystals. 
Explain the interference phenomena which may be observed when crystalline 
plates are iewed in convergent polarizf‘d light. 

(Man. F.) 

7. How would you determine the specific rotary power of the plane of polar¬ 
ization with light of various wave-lengths for a specimen of quartz? How does 
the power vary with the wwe-length? Explain Fresnel’s theory of the pheno- 

f i: m ) 20 
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menon of rotation. What difTorences are there between the phenomena in quart* 
and those in glass in a magnetic held? 

(Land, Horn.) 

8. Explain the formation of primary and secondary rainbows, and account 
for the orders of the colours. 

Taking the refractive index of vatcT to be 1-329 for red light and 1-343 for 
violent light, calculate the angular separation of the red and violet rays in the 
]»runary bow. 

(0. Tripos, Ft I.) 

9. Lycopodium particdos, which may be taken as sphtTieal and of approxi¬ 
mately the same diameter, are scattered on a sheet of glass, and a point source 
of monochromatic light is viewed through the glass. Discuss the formation of 
the corona vhich is observed. 

What would bo the effect of replacing the opaque particles by transparent 
discs all equal in area and thickness? 

{Ox, F.) 

10. Explain the occurrence of primary and secondary rainbows. Show that 
th(‘ region of the sky between them will appear completely dark, so far as the 
light coming from the raindrops is concerned. What are “supernumerary bows”? 

(Lond. Hons.) 



ANSWERS TO EXAMPLES 


A 5. (a) 434*1 Inx. (h) 43,41(> lux — 4*341 phot. 

7. 0*179 locjt-eandles. 8. 6 ft. 18. 60(^ yards. 

14. An erect virtual imape 11*25 cm. from the combination. 

16. An erect virtual ima^e, 6 cm. lii^ich, and 16 om. behind the convex mirror. 
16. (a) 8 in. (h) 13*33 in. 

18. The pinhole a])pear8 (a) 26*07 cm. and (6) 29*33 cm, behind the 
em<'i>j('nt face. 


B 1. 12 cn!. behind the diverizcnl lens; 


2n 


2. The principal points coincide at the centre of the sphere; 
equals 


focal length 


3. Th(‘ lens is divejgent with a focal hmgth 



the })TiiKi}>al points are 


jr 

(1) <it the pole <if tiui rrurror, (2) at a distance from the plane surtace inside 

h 

the Jens. The order of points is FiIl^H.^Fj. 6. 42 in. 

6. The objfs'tivc of focal length 19*30 in. must be placed 19*08 in. from 
the slide. 

10. d = 2*44 X/p. (Note that d is independent of the focal length /.) 

14. Focal length of object lens ecpials —3*2 cm.; of eyepiece *—11*2 cm. 

16. Diverging lens of focal length 26 cm. 


€ 5. D,//t b T>2//2=-0. 

7. DispfTsion 15 Angstrom units per mm.; resolving power 23,660. (Compare 
this with th( data for a flint-glas.s prism given on page 212.) 

D 9. Order of spectrum 16,700; resolving power 420,000. 

10. 1*000224. 


E 8. 1^ 52'. 
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Abbe, E., 53, 95, io6, 134, 140, 144, i 45 » 
147, 164. 

Abbe’h number, 164. 

Aberration, 45, 91-100, 103-6, 140-1, 

Plates yil-lX. 

— chromatic, 92, 109, 140, 141, 142, 166, 

167. 

Aberration of fixed stars, 214, 219. 
Absoiption of light, 3, 4, 

— spectrum, 156, 159, Coloured plate. 
Accommodation, 117-8, 120, 123. 

— and judgment of distance, 275. 

— and use of optical instruments, 124, 139. 
Achroniatic lenses, 135, 166-8. 

prisms, 165-6. 

After-images, coloured, 273. 

— negative, 270. 

-■ positive, 269. 

Alpine glow, 262. 

Amici, 143, 168. 

Analyser, 227, 241. 

Anderson^ 202. 

Angle of incidence, 6, 51, 

— of reflection, 6. 

— of refraction, 51. 

Angstrom unit, 157. 

Anomalous dispelsion. See Dispersion^ 

anomalous. 

Anschiitz, 269. 

Anterior chamber, 114. 

Aperture, 48. 
numerical, 53. 

— relative, no, 130. 

— of camera stop, no. 

— of pencil emerging from denser medium, 
57 - 8 . 

— of spherical mirror, 38. 

Aperture stop, 48, 50. 

-of astronomical telescope, 129-130. 

— — of camera, no. 

-of Galilean telesccmc, 128. 

- of microscope, ij{8. 

.Aplanatic points or foci, 94, 96, 105. 
Apothromat, 106, 140, 107, 168. 

Apparent magnitude. See Magnitude^ 
appa> ent. 

A(]ueous humour, 114. 

Arago, 241. 

Archimedes, 50, 

Aristotle, 8. 

Arkadiew, 12, 14, 19. 

A^tigmati8m, 92-3, 97. 

- of eye, 93, 120-1. 

— of oblique pencils, 93, 97, 120-x, Plate 


Astronomical telescope, 126, 129^33. 
Atmosphere, optical phenomena in, 260-8. 
Atmospheric refraction, 260-2, 282. 
Avogadro’s number, 209. 

Axiu rays, 40. 

-lii^tation to, 64, 72, 80, 91, 106, 122. 

Axis, principal, 38, 63, 64. 
subsidiary, 43, 68. 

Band spectra, 159-60, Plate XIV, 
Barthoiinus, Era-smus, 233. 

Bayer, von, 162. 

Becquerel, 171. 

Benoit, 192, 

Berek, 58, 145, 146. 

Biaxial crystals, 241. 

Binocular vision, 275, 276-80, 

Binoculars, 135, 278. 

Biprism, 177. 

Biquartz, 250. 

Black body, 4, 24, 30. 

Blind spot, 114. 

Body colours. See Pigments. 

Bowen, 162. 

Bradley, J., 214, 

Bradleymethod for velocity of light, 214, 
219. 

Brewster, David, 187, 189, 230, 277. 
Brewster’s law, 230-1. 

Bright-ground illumination, 148. 
Brightness, 24-5. 

— of camera image, no. 

— of microscope image, 142, 144. 

— of telescope image, 128, 136. 

Bunsen, R.AV,, 153, 158, 232. 

Bunsen^s grease-spot photometer, 2O, Plate 
II. 

Camera, 109-11. 

— brightness of image in, xio, 

— defects in image, 109. 

— pinhole, 8-9, n, 98. 

Camera obscura, 8. 

Candle, international, 22, 

Candle-power, 21, 22. 

— average, 29. 

— mean hemispherical, 29. 

— mean spherical, 29. 

Can.el lamp, 22. 

Cardinal points, 82. 

-of combination of two optical svs- 

tems, 85. 

-of eye, 114-5* 

Cassini, Domenico, 213. 

Caustic curve, 39, Plate III. 
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Caustic surface, 39. 

Central ray, 44, 47, 50. 

Choroid, 113. 

Christiansen, Christian, 169. 

Chromatic aberration, 92, 109, 140, 141, 
142, i6b, 167. 

-of eye, 167. 

Ciliary muscle, 117, 120. 

CinematO]trraph, 269. 

Circles of confusion, 45, 97. 

Circular }K»]anzation, 224, 251-4. 

Coaxial stem of spherical surfaces, 79-83. 
Coelostat. 33. 

Coherent wave-trains, 2, 3, 174, 225. 
Collimator, 33, 152, 153. 

Colour, dilTerence, 157. 

— summation, 157. 

— and intensitys 31, 273. 

— and wave-leh]t^h, i6, 157, 177, 208. 
Colour-blindness, 272-3. 

Colour photography, 271-2. 

— printing, 271. 

— top, 156. 

Colour vision, 270-3. 

-Young-Helmholtz three-colour theory 

of, 270. 

Coloured body, 4, 156-7. 

— light, photornctn^ of, 28, i '6. 

Colours, complementary, 155, 271. 

—- interference, 16, 19-20, 150, 177, 182-3. 

— mixtures of, 154-5, 156, 157. 

— polarization, 244. 249, 

— of .shadows, 274. 

— of sky, 263. 

— of thin hlnis, 177-183, 

Coma, 97 

Complementary colours, 155, 271. 
Compound objectives and eyepieces, 140-4. 
Concave lenses, 72-4. 

-use in speitaclcs, 119-20. 

— mirror, 37-46. 

Condenser, lantern, in. 

— microscope, 148, Plate XII, 

Cones, J13, 121, 270, 273. 

Confusion, circles of, 45, 97. 

Conjugate foci, 41. 

Conjugate or corresponding points, 276. 
Consonance, 174. 

Contrast effects, 273-4. 

Convergence, 42, 67. 

— ratio. See Magnification, angular. 
Convergent lens, 88, 89. See also Convex 

lenses. 

— - polarized light, 244-7. 

Convex lenses, 63, 65-71, Plate IV, 

-Use in spectacles, 119. 

— mirror, 46-7. 

Cornea, 113- 
Corona*, 263-4. 

Corpuscular theory of light, ii, 14, 178, 
219. 

Cosine law, 23, 24. 

Cotton-Mouton constant, 259. 

Critical angle, 55-7. 

Crookes, 163. 

Cross-wires, 137, 141. 

Crystal, biaxial, 241. 

— uniaxial, 241, 245-7. 

Crystals, liquid, 249. 

Cylindrical lenses, 92. 

— use in spectacles, 120. 


Dark-ground illumination, 148. 

Daylight, diffuse, 262. 

Debye, 173. 

Dense medium, 54. 

Descartes, 52, 104, 219. 

Des Coudres, 258. 

Deviation by prism, 60, 62, 67. 

— due to refraction, 54. 

— minimum, 60-2, 102. 

Diaphragms. See Stops. 

Dienroism, 241. 

Diffraction, 11-20, 174, 198 et seq.. Plates I, 
XVI. 

— effect of material of obstacle, 20. 

— interference arising from, 11-20, 198- 

205, Plates I, XVl. 

— polarization by, 231-2. 

Diffraction at double slit, 200-2, Plate XVI. 

— at four slits, 202-4. 

— at many slits, 204-5. 

— at mount of lens, 144-5, ^ 99 - 

— at narrow rectilinear obstacle, 14~'^* 

Plate 1 . 

— at .single slit, 16, 144, 145, 198-200, 

Plate 1 . 

-at small circular obstacle, 13-4, Plate I. 

— at small circular opening, 12. 
at small particles, 148. 

— at straight edge, 16-9, Plate 1 . 

— in corome, 263-4. 

— m rainbou, 267. 

Diffraction hands, 205. 

— disc, 145. 

- effects, 108, 135, 136, 144-9, Plate XII. 
grating. 205-12. 

- spectrum, 206 et seq., Plate XVI,. 

Coloured plate. 

Dioptre, 65, 119. 

Dispersion. 151, 219, 220, 264. 

•• anomalous, 168-73. 

- mean, 164. 

~ measurement of, 163-5, 

~ rotatory, 249, 282. 

- specific, 163, 281. 

— theo^ of, 171-3. 

Dispersion spectrum, 150-4, 207, Coloured 
plate. 

Dispersive power, 164. 

Distance, judgment of, 275, 276. 

Distortion, 79, 94, 96-100, Plates X, XI. 

— barrel-shaped, 98, 99. 

— cushion-shaped, 98, 99, 

Divergent lens, 88, 89, See also Cvncavit 
lenses. 

DoHond, John, 141, 166. 

Double refraction, 224, 233-41. 

-- electrical, 257-8. 

-magnetic, 259. 

-and interference, 241-4. 

-and strain, 247, Plate XVL 

Double stars, angular separation of, 201-2. 
Drude, 173. 

Du Bois, 170, 231, 

Eastman, 269. 

Echelette grating, Wood’s, 206. 

Echelon grating, Michelson’a, 209-10^ 
Plate XVI. 

Eclipses, 10—I. 

Edison, 269. 

Efficiency of lamp, 31. 
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Ehrenhaft, 232. 

Electric vector, 2, 3, 226, 231. 
Electromagnetic nature of light, i, 20, 225- 
226, 

— waves, propagation through matter, 171-2. 

-superposition of, 9, ir, 14, 256. 

Elliptic polarization, 251-3. 

Elliptical mirror, 39, 104. 

Elongation, 7K-9. 

Emission spectra, 159, Coloured plate. 
Emmetropic eye, 114, 118. 

Entrance pupil, 50. 

— of camera, 110. 

— — of Galilean telescope, 128. 

— window, 50. 

Epidiascope, 112. 

Episcope, 112. 

Equatorial mounting of telescope, 132-3. 
Erecting lens, 133. 

— prism, 135. 

Euclid, 7, 121. 

Euler, Leonhard, 166. 

Exit pupil of microscope, 138. 

— - - of telescope, 72, 128, 130. 

Exposure, time ot, no. 

Extraordinary rav, 233. 

Eve, 113-22 

—' accommodation ot, 117-8, 120, 123. 

— chromatic aberration of, i()7. 

— dark-adapted, rib. 

—- detects in, 118-21. 

— emmetropic, 114, n8. 

— optical system of, 114--5. 

— reduced, 115. 

— resolving power of. See Visual acuity, 

— sen-sitiveness of, 30, 31, 115-7, 273. 

— structure of, 113-4. 

Eye-lens, 141. 

E>epit‘ce, compound, 141-3. 

Eyepiece micrometer, 137. 

Fabry-P^rot interferometer, 194-7, Elate 

XV. 

Faraday, Michael, 232, 256, 258. 

Far point, r 18. 

Far-sightedness, 118-9, 

E'ata morgana, 261-2. 

Fermat, 219, 221. 

Fennat’s principle, 221-a. 

E'ield-glass, 135. 

F'ield-lens, 141. 

Field of view, 40. 

-in astronomical telescope, 131-2. 

-in camera, no. 

-in Galilean telescope, 127-8. 

Field stop, 48, 49, 50. 

-of astronomical telescope, 131. 

-of Galilean telescope, 127. 

— — of microscope, 138-9. 

Fievicz, C., 256. 

Fine structure, 183, 194, 197, Plate XV. 

See also Interferometry. 

Fizcau, H., 183, 194, 214, 215. 

Fizeau’s method for velocity of light, 214-5, 
219, 258. 

phenomenon, 183. 

Flicker photometer, 28. 

Fluorescence, 161. 

Focal distances, 40. 

-Newton's equation for, 40-1, 67, 71 > 

76, 78. 


Focal lengths of combination of two optical 
systems, 85. 

-of concave mirror, 38, 40. 

-of eye, 115. 

-of lens, 66-7, 73. 

-of spherical surface, 75, 76. 

-of tnick lens, 86, 87, 90. 

Focal plane, 68. 

Foci of combination of two optical sy^tern^, 
84-s, Plate VI. 

— of lens, 63, 66-7, 73, 

— of refracting system, 82. 

— of thick lens, 90, Plate V. 

— principal, 67, 75. 

Focus, 37. 

— of mirror, 38, 41, 46. 

— depth of, 145. 

Foot-candlc, 24. 

Foucault, Leon, 215, 219. 

Foucault’s method for velocity of light. 
215-7, 219. 

Fourcade, Henry, 278. 

Fovea centralis, 113. 

Fraunhofer, Joseph von, 152, 159, 207, 
Fraunhofer diflrailion phenomena, 198 et 
seq. 

Fraunhofer’s lines, 159, 207, I'latc XIV 
Coloured plate. 

French, 277. 

F'resnel, 12, 14, 18, 174, 177, 224, 225, 22S, 
2j(>, 241, 2S4. 

— diffraction phenomena, ii, 174, 198. 
zones, 13, 14. 

F'resnel's mirror experiment, 15, 174-7. 

-- wave surface, 236, 240, 241. 

Galilean telescope, 126-9, Plates XI, XII. 
flalileo, 126. 

Gaus.s, K. F',, 81. 

Ciehlhoff, G., 25. 

Gehrcke, E., 197. 

Geometrical optics, 32-149. 

-applications of, 109-49. 

— - principles of, 32. 

Gerlach, 163. 

Gerson, Levi ben, 8. 

Graticules, 137, 141. 

(Jrating, 205-12, Plate XVI. 

— Michelson’s echelon, 209-10, Plate XVI. 

— reflection, 162, 207-8. 

— Wood’s echelette, 206. 

Grating constant, 205. 

Grey glow , 273. 

Grimaldi, Francesco, ii. 

Grimschl, E., 56, 221, 226. 

Group velocity, 172, 219-20. 

Gullstrand, A., 42, 114, 117, 118, 124, 125. 
Gutton, 220. 

CJypsum plate, 241-4, 251-3. 

Uagen, 170. 

Haidinger, W. von, 185, 

Haidinger’s brushe.s, 247. 

Half-wave plate, 243. 

Hall, Chester Moor, 166. 

Halos, 264-5. 

Hand-lens. See Magnifying glasi, 

Hefner lamp, 22. 

Heliograph, 33, Plate II. 

Heliostat, 33. 

Helium, discovery of, 159. 
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>lelmholtz, 77, 05, 172, 270, 278. 
Helmholtz’s equation, 77, 78, 81, 83, 94, 
96, 100. 

Hero of Alexandria, 221. 

Herschel, VV., 162. 

Hertz, 231. 

Homocentric pencil, 80, 102-3. 

Hooke, II, 121, 224. 

Huygens, C., iii, 233. 

Huygens eyepiece, 141, 142. 

Huygens’ principle, 12, 17, 50, 172, 199, 
236-8, 

lhaloid membrane, 117. 

H\'permetropia. Sec Long-si^htednest» 

Iceland spar, 224, 233 et seq.^ 241. 
Illumination of surface, 22—4. 

— and visual acuity, 28. 

Illusions, optical, 273-5. 

Image, aberrationlcss, 103-6. 

—- blurring of, 94, 96, 97, Plates VIII, IX. 
See also Aberration. 

’—brightness of, 47, 48, 50, 95, no, 128, 
136, 142, 144, 145, 146. 

— distortion of, 79, 94, 96-100, Plates X, 

XL 

— orthoscopic, 100. 

— real, 6, 40. 

— \ irtual, 5, 8. 

Image formed by astronomical telescope, 

i. 

y camera, iio~i. 

-by coaxial system of spherical sur¬ 
faces, 79-83. 

— by concave lens, 74. 

-by concave mirror, 39—45. 

— — b\ convex; lens, 65-71. 

-by convex mirror, 46-7. 

— -by lantern, 112-3. 

-by spherical refracting surface, 64-5, 

74 - 9 - 

- by thick lens, 84-5, 90, Plate VII. 
iniage plane, 69. 

space, 69. 

immersion systems, 143-4, 

I ncidence, angle of, 6. 

- plane of, 226. 
inclination of ray, 77. 

Intoherent wave-trains, 2, 3. 

Index ol refraction. See Refractive index. 
Infra-red rays, i, 4, 162-3. 
integrating photometer, 30. 

Intensity, 21—31. 

- unit of, 22. 

Intensitv and colour, 31, 273. 

and polarization of reflected ray, 228-9. 
interference, 58, 174-212, Coloured plate. 

-- arising from diffraction, 11-20, 198-205, 
Plates 1 , XVI. 

— at two plates, 187-90. 

— of polarized light, 241-44. 

Interference bands, coloured, 16, 19—20, 

150, 177, 182-3. 

— curves of equal inclination, 185-6, 191. 
-of equal thickness, 183—5, 

— microscopy, 149. 

Interferometer, Fabry-P^rot, 194-71 Plate 
XV, 

— Jamin’s, 188-9. 

— Michelson’s, 190-3. 

Interferometry, 193-7, 


, International candle, 22. 

I Inverse square law, 23, 25. 

Iris, 113. 

Irradiation, 274-5. 

Jamin, J. C., 188, 

Jamin’s refractometer, 188-9. 

Jansen, Zacharias, 126. 

Jentsch, 172. 

Kaleidoscope, 36. 

Karolus, 257. 

Kepler, 67, 129, 133. 

Kerr, John, 257, 259. 

Kerr cell, 257-258. 

-- determination of velocit}' of light by, 

258. 

— - constant, 257. 

~ effect, electro-optic, 257-8, 

-magneto-optic, 259. 

Ketteler, 173. 

Kircher, Athanasius, in. 

Kirchhoff, R., 153, 158. 

Kl^enoc, J., 231. 

Klingenstierna, Samuel, 166. 

Kohler, A., 147. 

Kries, J. von, 270. 

Kundt, August, 169, 170, 171, 259. 

Lagrange, 77. 

Lambert, J. H., 23. 

Lantern, projection, ni—3. 

Least distance of distinct vision, 118, 139, 
140. 

Lens, 63 et seq., Plates IV-Vll. 

-- achromatic, 135, 166-8. 

-- centres and radii of cur\ature of, 63. 

-- concave, 72-4, 119-20. 

- convex, 63, 65-71, 119. 
cylindrical, 92, 120. 
erecting, 133. 

— - focal lengths of, 66-7, 73. 

— focal plane of, 68. 

— foci of, 63, 66~7, 73. 
image plane of, 65. 

— object plane of, 65. 

— principal axis of, 63, 

— thick, 84-90, Plates IV, V, YHI. 

— thin, 66, 88-9. 

— loric, 120, 

Verant, 125. 

— wave theory of, 106-7. 

Lens of eye, 114. 

-structure of, 115, 118. 

-variation of curvature of, 117 -8. 

Le Roux, 169. 

Light, absoiption of, 3, 4, 156-7. 

— corpuscular theory of, ii, 14, 178, 219. 

— diffraction of, 11-20, 108, I35A36, I 44 “ 9 , 

174, 198-212, 231-2, 263-4, 267, 

Plates 1 , XVI. 

— distribution round source, 29-30. 

— electromagnetic nature of, i, 20, 225-6. 

— infra-red, i, 4, 162-3. 

— intensity of, 21-31, 228-9, 273. 

— mechanical equivalent of, 30-1. 

— monochromatic, 4, 177, rSo. 

— ordinary, 2, 174, 225. 

— polarization of, 2, 223-59, 263. 

— propagation of, 1-20. See also Lights 

velocity of. 
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Ught, propaj^ation of, effect of electric and 
magnetic fields on, 256-9. 

-- rectilinear, 3, 4, 8-9, 32, 

— rays of, 2-3, loi. 

-curved, 107-8, 260. 

— reflection of, 3, 6-8, 32-47. See also 

Mirror. 

— refraction of, 3, 50-62, 260-2, 282. See 

also LenSf Plate, Prism. 
source of, i, 4-6, 25, 31. 

— transverse vibrations of, 224, 241. 

— ultra-violet, 1, 4, 160-2, 207. 

— \elocitv of, 2, 213-22. 

— wave theory of, ii, 14, 58, 100-8, 145, 

219, 224. 

— white, 4, 150-3, 154. 

Livht mill, 163, Plate XIV. 

Li^ht quantum, 2. 

luiie spectra, 158-60, Plates XIIl-XVI, 
Coloured plate. 

Lippershey, Kranz, 126. 

Listing, J. B., 83, 115. 

Lockyer, Norman, 159, 

Long-sightedness, 119. 

Lorentz, II. A., 173, 256. 

Lumen, 21, 22. 

Lumiere, 271. 

LiiminoUvS body, i, 3. 

J.uminous llux, 21 

— measurement of, 29-30. 

— - - threshold \ alue of, 116-7. 

— — unit of, 21, 22. 

Lummer, Otto, 26, 185, 197, 273. 
Lummer-Brodhun photometer, 26-7, 
Lummer-Gehreke plate, 197. 

Liuf, 23. 
l.yle, 205. 

Lvman, 162. 

Macula lutea. See Yellow spot. 

Magnetic rotation of plane of polarization, 

258-9. 

Magnetic vector, 2, 3. 

— direction of vibration of, 226. 
Magnification, 44, 94, 95. 

— angular, 79, 81. 

— areal, 69, 96. 

— lateral or linear, 69, 78, 79» 80-1, 

— subjective, 79. 

Magnification by astronomical telescope, 131. 
by Galilean telescope, 127. 

— by hand-lens, 123-4. 

— by microscope, 139-40. 

— by telescope, 136. 

Alagnifying-glass, 122-5. 

~ power. See Magnification. 

Magnitude, apparent, 79, no, 121—2, 128, 
129, 137- 
Malus, 224, 227. 

Maurolycus, Franciscos, 8. 

Vlaxweil, J. C., 173. 

Mechanii:^! equivalent of light, 30-1, 
Meniscus lenses, 66, 73. 

-in spectacles, 121. 

Aletre in terms of w^ave-lengths, 192—3. 
Metrc-candle, 23. 

Alichelson, A. A., 190, 192, 193, 194, 202, 
210, 217, 219. 

Micl^lson’s echelon grating, 209-xo, Plate 
— interferometer, 190-3, 


Michelson’s method for determining angu¬ 
lar separation of double stars and 
stellar diameters, 201-2. 

-for velocity of light, 217-8. 

Microscope, 57, 137-40. 

— compound objectives and eyepieces in, 

140-4. 

— condenser, 148, Plate XII, 

— diffraction effects, 145. 

— resolving power, 144, 147-8. 

— Stereoscopic eyepieces, 280. 

Millikan, R. E., 162. 

Millimicron, 157. 

Minimum deviation, 60-2, 102. 

Mirages, 261-2. 

Mirror, axis of, 38, 

— concave, 37-46. 

— convex, 46^. 

— elliptical, 39, 104. 

— focus of, 38, 41, 46. 

— parabolic, 37—8, 154. 

— plane, 7-8, 32-6, 104. 

— pole of, 38. 

— power of, 42. 

Mirror and scale, 7, 34. 

Mitscherlich, E., 250. 

MittcLtaedl, 258. 

Mobius, A. h ., 54- 

Mobius’ law of refraction, 55, 64, 77, 
Mock suns, 265. 

Molecular polarization (electrical), 173. 

— refraction, 173. 

— vibrations, 171, 256. 

Monochrornat, 147. 

Monochromatic light, 4, 177, 180. 
Monochromator, 153. 

Morley, 192. 

Myopia. See Short-sightedfiess. 

Near point, 118. 

Newton, 40, 58, 135, 150, 151, 156, i7vS, 180 
21(>. 

Newton's equation for focal distances, 
40-1, 67, 71, 75, 78. 

Newton’s rings, 178-83, 185, 196, 220, 241, 
245 - 

Nichols, 162. 

Nicol, W., 239. 

Nicol prism, 227, 238-239. 

Night-glass, 129, 130. 

Nobert, 205. 

Nodal point of reduced eye, 115, 121. 
Nodal points, 83. 

-of thick lens, 89, 90, Plate IV, 

Normal spectrum, 207. 

— velocity, 238, 241. 

Ndrrenberg, J. G. C., 227. 

Numerical aperture, 53. 

Object-image correspondence, 41. 

— relationships for concave lens, 73. 

-for concave mirror, 39-45 ■ 

-for convex mirror, 46-7. 

— — for spherical refracting surlace, 65, 

74, 86. 

Object plane, 69. 

— space, 69, 

Objective, camera, 109. 

— compound, 140, 143. 

— lantern, 112. 

— telescope, 126, 129, 136, 147, 
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Opaque body, 3, 4. 

Opera^j^laas, 128, 129, 135, 168. 

Optic axis of cr>'stal, 233, 238. 241. 

■-of eye, 114. 

Optical activity, 247-51, 254-5. 

— - centre, 89. 

— interval, J>4, 86. 

— invariant, 53, 65. 

— path, 102--3, 179. 

— systems, combination of two, 84-5, 

— tube-length, 86, 137, 139. 

Ordinary ray, 233. 

Orthoscopic image, too. 

Paral>ol]c mirror, 37-8, 104. 

— surface, refraction by, 106. 

Path of ray, reversibility of, 32, 37, 51, 

-stationaiy property of, 221-2. 

Path of rays in astronomical telescope, 129. 

-in defective eyes, 119. 

-in Galilean telescope, 126, Plate XII. 

-in lens, 6^, Plate IV. 

— ■— in inagnit\ing-glass, 122. 

-in micros( ope, 137-<S. 

-in prism, 60-1. 

-in projection lantern. J12. 

— — in terrestrial telescope, 133. 

FVase, 202. 

“ Peephole ” observation, 132. 

Pencil of rays, 3. 

--homocemric, 80, 102-3. 

Penumhru, 9. 

Periscope, 135. 

Perrotin, 21^, 

Perspective, centre of, 116, 125. 

Phase change on retlecrion, i8o. 

Phase velocity, 172. 

Phosphon'scence, i6i. 

— quenching of. 162. 

Phot, 24. 

Photometer, Bunsen's grease-spot, 26, 
Plate li. 

— flicker, 28. 

— integrating, 30. 

— Lurnmer-JBrodhun, 26-7. 

— Ritchie’s, 25, 26. 

— sphere, 30. 

— Weber illumination, 25, 27-8, 30. 
Photometer bench, 27, Plate 11 . 

Photometer cube, 26-7. 

Photometry, 25-8. 

— of coloured light, 28, 116. 

Physical optics, 33. 101- 8, 150-268. 
Physiological optics, 30-1, 269—80. See also 

Eye. 

Pigments, 156-7. 

Pile of plates, 229-30. 

Pin-hole camera, 8-9, ii, 98. 

Pirani, 31. 

Planck, 173. 

Plane mirror, 7-8, 32-6, 104. 

-succession of images fonned by, 34-5. 

— mirrors inclined at an angle to one 

another, 35-6. 

Plane of incidence, 226. 

— of polarization, 224-6. 

-rotation of, 224, 247-51, 254*'5) 258-9. 

Plate, refraction by, 59, Plate III. See also 
Interference curves^ Interference at two 
plates, Interferometry,. 

Plateau, 269. 


Plato, 219. 

Point source, 2, 

Poisson, 14. 

Polarimeter, 250-1. 

Polariscope, 227, 247. 

Polarization, 2, 223-59. 

— circular, 224, 251-4. 

— colours arising from, 244, 249. 

— elliptical, 251-3. 

— interference due to, 241-4. 

— of light from sky, 263. 

I — of ordinary and extraordinary rays, 234-5. 

— plane of, 224-6. 

-rotation of, 224, 247-51, 254-5, 258-9, 

Polarization by diffraction, 231-2. 

— by reflection, 223-9, 

•— by refraction, 229-31. 

— by tourmaline, 239-40, 241. 

Polarizer, 224, 241. 

— Nicol prism as, 239. 

— reflection, 226. 

Polarizing angle, 230-1. 

Pole of mirror, 38. 

Porro, Ignazio, 134. 

Porta, Giambattista della, 8. 

Power of mirror, 42 

- of spherical surface, 65. 

— of tiuri lenses in contact, 89. 

Pointing’s theorem, 2. 

Presbyopia, 119. 

Primipal axis of lens, 63. 

-of mirror, 38. 

-of spherical refracting surface, 64. 

— foci, 67, 75. See also Foci. 

— planes, 81-2. 

- — i>f combination of two optical sys¬ 

tems, 85, I’late VI. 

-of thick lens, 87, 90, Plate V. 

— points, 8r-2, 83. 

-of eye, 115. 

-of thick lens, 86. 

— rays, 49, 50. 

— section of crystal, 233. 

— —- of prism, 59. 

Prism, 59-62. 

-- achromatic, 165-6, 

— angle of, 59. 

-measurement of, 33—4. 

— decomposition of white light by, 150-3. 

— direct-vision, 168. 

— erecting, 135. 

— of small angle, 62, 67. 

— path of rays in, 60-1. 

— principal section of, 59. 

— refracting edj^e of, 59. 

— totally-reflecting, 58, 134, 135. 

— wave theory of, 101-2. 

Prismatic telescopes, 134-5. 

Prisms, crossed, 169-70. 

Ptoleinaeus, Claudius, 52, 156. 

Punctal glasses, i2i. 

Pupil, 113. 

Purkinje effect, 31, 273. 

Quantum, 2. 

Quarter-wave plate, 253. 

Quartz, optical activity of, 247-9, *54* 
Quartz wedge compensator, 251. 

Radius of curvature of lens surface, 63* 
-optical method for, 71-2. 
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Radiation pressure, 163. 

Radiometer effect, 162, 163m 
Rainbow, 265-8. 

— primary, 265. 

— seconda^, 266, 268. 

— white, 267. 

Raman effect, 232. 

Ramsay, 159. 

Ramsden, Jesse, 141. 

Ramsden eyepiece, 141-2. 

Ray velocity’, 238. 

Rayleigh, Lord, 148, 211, 232. 

Rays, 2“3, loi. 

— axial, 40. 

— central, 44, 47, 50. 

—curved, 107-8, 260. 

— marginal, 91, Plates VII, IX* 

— path of. See Path of rays. 
principal, 49, 50. 

Real image, 6, 40. 

Reduced e>e, 115. 

— path. See Optical path. 

Receding goniometer, 33, 61, Plate III. 

— telescope, 135. 

Reflection, 3, 6-(S, 32“47. See also Mirror. 
angle ol, (>. 
diffuse, 6. 

— Fermat’s principle fnr, 221. 
lav of, 7. 

phase change on, 180. 
polarization by, 223“-9, 
regular, 6, 

— total, 55-S. 

Retracted' rav, construction of, 55, 56. 
Refracting edge of prism, 59. 

— power of ''pectacies, 119. 

Refraction, 3, 50-62. See also Lens, Plate, 

Prism. 

— atmospheric, 260-2, 282. 

— double. See Douhii refreu tion. 

— Fermat's principle for, 22a. 

— law of, 52-3. 

— Mhbius’ law of, 55, 64, 77. 

— molecular, 173, 

— polarization by, 229-31, 

Refraction and wave theory, too-8. 

— and wave-length, iSO-73. 

Refractive index, 52. 281. bee also Dis¬ 
persion. 

— — absolute, 52. 

-and minimum deviation, 61-2, 102. 

— — for ordinary and extraordinary rays 

in Iceland spar, 235-6. 

-for X-rays, 54, 165, 173. 

-measurement of, 61-2, 75, i8q. 

-of air, 54. 

-of glass, 54. 

— — of water, 52. 

— — relative to a vacuum, 54. 

— — variable, 107-8, 260-2. 

Refractometer. Jamin’s, 188-9, 

Relative aperture, no, 130, 

Resolving power, i.^6“8. 

— — of eye. See Visual acuity. 

-of Fahrv-Perot interferometer, Plate 

XV, 

-of microscope, 144, 147-8. 

— — of spectroscope, 210-2. 

-y of telescope, 136, 146-7. 

Retina, 30, 113, 115, 269, 270, 272. 
Reversibility of path of light, 32, 37, 51. 


Rings and brushes, 245-7. 

Rings round sun or moon, 263-4, 

Ritdnie’s photometer, 25, 26, 

Rods, 113, 117, 270, 273. 

Rdmer. Ole, 213. 

Rhmers method for velocity of light, 213-4, 
219. 

Rohr, M. von, 121, 125, 147. 

Rotation of plane of polarization, 224, 
247-SI, 254-5, 258-9. 

Rotation, specific, 249-50. 

Rowland, 205. 

Rubens, Fleinrich, 162, 170, 231. 

Saccharimeter, 250-1. 

Scattering, 173, 232, 262, 263, 

Schafer, C., 173. 

Scheiner, Christian, 129. 

Schott, 161. 

Schumann, V., 161. 

Sclerotic, 113. 

Sellmcier, 171. 

Sensitiveness of cy’^e, 115-7, 273. 

— curve of, 30, 31. 

Sextant, 35, 36. 

Shadows. 9- lo. 

— (.olour.s of. 274. 

Shuples, 219. 

Short-sjghiedness, 119, 120. 

Siedentopf, 14S. 

Sine condition, 93-96. 

Sight, lines of, iit). 

Sign conventions, 39-40, 64, 

Signal velocity, 172. 

Sky, light from, 263. 

Snell, 52. 

Soleil, N.. 250. 

Sources of light, i. 

-brightness of, 25. 

-efficiency of, 31. 

-point, 2. 

-situation of, 4-6. 

Space angles, 21 "2. 

Specilic dispersion, 163, 281, 

— rotation, 249-50. 

Spectacles, 119-21 
Spectrograph, IS3, Plate XIII. 
Spectrometer. See Spectroscope. 
Spectroscope, 153, 155, 156. 

— calibration for wave-lengths, 160. 

— direct-vision, 168. 

— grating. 207-8, Plate XVL 

— interference types of, 190, 193, 205, 
Plate XV. 

— resolving power of, 210-2. 

Spectrum, 4, 28, 150-4, 206 et seq., Plates 

XIll-XVI, Coloured plate. 

— absorption, 156, 159, C<4oured plate. 

— band, 159-^0, Plate XIV. 

— continuous, 159. 

— diffraction, 206 et seq., Plate XVI, 

Coloured plate. 

— dispersion, 150-4, 207, Coloured plate. 

— emission, 159, Coloured plate. 

— energy distribution in, 31, 162. 

— fine structure in, 183, 194, 197, Plate 

XV. See also Interferometry. 

~ line, 158-^, Plates XIII-XVI, Colouied 
plate. 

— normal, 207. 

— pure, 151-3. 
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Spectrum, secondary, r68, 

- sodium, 158, 159, 183, 196, Coloured 

plate. 

- sun’s, 159, Plate XIV. 

X-ray, 165-209, Plates XV, XVI. 
.Spectrum analysis, 157-60. 

- —' quantitative, 158, Plate XIII. 

Sphere photometer, 30. 

.Sphericjd aberration. See Aberration, 

- - lens. See Lens. 

■— mirror, 38—47. 

“ refracting surface, image formed by, 
64-5> 74"9< 

-object-image relationship for, 65, 74, 

86. 

Stampfer, 269. 

Standard lamps, 22. 

Stark, Johannes, 256. 

Stark effect, 256. 

Stars, Michelson’s method for diameters of, 
201-2. 

Stcreogoniometer, 278-80. 

Stereoscope, Brewster’s, 277-8. 

- Wheatstone’s, 277. 

.Stereoscopic eyepieces, 280. 

— vision, 277 et seq. 

Stokes, 171. 

.Stop, aperture, 48, 50. 

- held, 48, 49, 50. 

Stops, 46, 47-50, 109. 

--- and distortion, 96-100, Plates X, XI. 
Strain, double refraction arising from, 247, 
Plate XVI. 

Sugar solution, optical activity of, 249-50. 
Supernumerary bows, 265, 267. 
.Superposition of electromagnetic waves, 
9, II, 14, 256. 

Surface brightness. See Brightness, 
Suspensory ligament, 117. 

I’acquet, Andreas, iii. 

Tangent condition, 100. 

'f'artaric acid, optical activity of, 255. 

Tear, 162. 

I'elescope, 117, 125-37. 

— achromatic, 166, 167. I 

— astronomical, 126, 129-33. 

— compound objective-s and eyepieces in, 

140-2. 

— equatorial mounting of, 132-3. 

— CGalilean, 126-9, Plates XI, XII. 

— prismatic, 134-5. 

— reflecting, 135. 

— resolving power of, 136, 146-7. 

— terrestrial, 129, 133-5. 

I'clestereoscope, 135, 278. 

Terre.strial telescope, 129, 133-5. 

Thick lenses, 84—90, Plates IV, V, VII. 

Thin films, colours of, 177-83. 

Thin lenses, 66, 

—' combination of, 88-9. 

'I’oric lenses, 120. 

'I’otal reflection, 55-8. 

~ — path of energy in, 58. 

'I’otally-reflecting prism, 58, 134, 135. 
Tourmaline, polarization by, 239-40, 241. 
'rourmaline forceps, 240. 

'i'ransluoent body, 3. 

I'ransparent body, 3, 4 - 

Transverse vibrations of light, 224, 241. 

Turbid medium, 232. 


Twilight, 263, 

Twilight vision, 117. 

I'winkling of stars, 136, 261, 

Tyndall, J., 232. 

Tyndall effect, 232. 

Ulbricht globe, 30. 

Ultramicroscopc, 148-9. 

Ultra-violet light, i, 4, 160-2, 207. 

— microscopy, 147. 

Umbra, 9 

Uniaxial crystal, 241. 

-in convergent polarized light, 245-7. 

Unit of intensity, 22. 

— of luminous flux, 21, 22. 

Velocity of light, 2, 213-22. 

-Bradley’s method for, 214, 219. 

-Fizcau’s method for, 214-5, 219, 25$* 

I-Foucault’s method for, 215-7, ziq. 

-Kerr cell method for, 258. 

— ■— Michelson’s method for, 217—8. 

-Rdmer’s method for, 213-4, 219. 

-in doubly-refracting crystal, 236—8. 

-in material media, 2x9-21. 

Verant lenses, 125. 

Verdet, M.E., 258. 
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Walgenstein, Thomas, in. 
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